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Abstract 


,/  w 

This  paper  describes  a  goal  programming  approach  to 
modeling  the  rapid  deployment  of  combat  units  which  offers 
decisive  advantages  over  any  current  methodology.  It 
accounts  for  both  intertheater  and  i n tratheater  airlift,  and 
can  be  used  to  optimally  plan  movement  schedules  for 
prede term i ned  forces  or  optimally  choose  and  move  a  force 
from  a  list  of  available  units  and  airlift  resources  to  meet 
specified  goals.  Both  methods  are  demonstrated,  snowing  that 
the  goal  programming  model  minimizes  wasted  resources  and 
accompl i shes  desired  goals  both  faster  and  more  exactly  than 
the  current  interservice  operating  system.  The  model 
developed  for  demonstration  uses  212  variables  and  136 
separate  equations.  In  addition,  a  flexible  response  =j--acs 
methodology  is  used  to  generate  a  full  parametric  sensitivity 
analysis,  resulting  in  the  reduction  of  a  fully  computerized 
and  intricate  large  scale  programming  model  to  an  equation 
programmable  on  a  hand-held  calculator,  with  minimal  error. 

A  demonstration  is  presented  comparing  relative  advantages  of 
C-5  and  C-17  aircraft  procurement,  in  a  proposed  addition  of 
58  aircraft  to  the  current  airlift  fleet,  with  simultaneously 
varying  airport  capacities  and  deployment  distances. 


V  !  i  i 


I .  Introduct i on 


This  thesis  was  developed  in  response  to  a  perceived 
need  to  approach  the  deployment  of  combat  -forces  using  a 
total  system  methodology,  rather  than  the  present  method  o-f 
separate  mission/service  optimization  studies.  The  model 
developed  in  this  research  e-f-fort  is  a  mul t i object i ve 
optimization  which  addresses  intertheater  movement, 
intratheater  movement,  and  deployable  unit  capabilities. 

Background 

In  1980,  the  United  States  government  identified  a 
requirement  for  a  capability  to  move  large  conventional 
(non-nuclear)  ground  forces  to  any  location  within  a  broad 
geographic  area  centered  on  Southwest  Asia.  Therefore,  it 
formed  the  Rapid  Deployment  Joint  Task  Force  (RDJTF),  now 
redesignated  the  Central  Command  (CENTCOM) .  This  force 
consists  of  the  82nd  Airborne  Division,  the  131st  Airborne 
Division  (Airmobile),  the  24th  Infantry  Division,  two  Ranger 
battalions,  and  Air  Force,  Navy  and  Marine  forces.  Tne  RDJTC 
Army  units  are  all  forces  which  facilitate  air  transport¬ 
ability. 

Although  CENTCOM  was  developed  in  direct  response  to  a 
perceived  threat,  the  Air  Force  has  insufficient  aircraft 
resources  to  support  the  full  and  rapid  deployment  of  CENTCOM 
assets.  The  Army,  in  its  deployment  planning,  can  con  side’' 
only  the  current  inventory  of  Military  Airlift  Command  (MAC) 
assets.  When  planning  a  deployment,  therefore,  critical 


decisions  must  be  made  as  to  how  best  to  use  limited  air 
transport.  The  basic  decision  must  key  on  increasing  the 
combat  potential  available  to  the  ground  commanders  at  the 
risk  of  reducing  the  sustainability  of  the  already  deployed 
■force.  Combat  potential  is  a  complex  and  currently  largely 
subjective  index  of  the  fighting  capabilities  of  the  force, 
based  on  deployed  troops,  tanks,  and  artillery.  Sustain¬ 
ability  is  the  continued  ability  of  a  force  to  fight  in  the 
event  its  supply  line  is  interrupted  by  either  enemy  actions 
or  natural  means,  such  as  weather.  Sustainability  is 
provided  both  by  supplies  and  by  combat  support  units  such  as 
maintenance  companies. 

Examples  of  failure  in  both  deployed  combat  potential 
and  sustainability  can  be  demonstrated  by  historical  example. 
One  example  is  from  World  War  II  when  the  Soviet  Union 
conducted  brigade-sized  airdrop  operations  near  German 
armored  units.  The  armored  units  quickly  eliminated  the 
relatively  low  combat  potential  the  parachutists  represented. 
In  another  example,  sustainability  was  demonstrated  in  the 
loss  of  the  German  Sixth  Army  at  Stalingrad.  A  large, 
powerful  force  was  defeated  because  of  insufficient  and 
improperly  distributed  supplies.  At  the  end,  the  still 
powerful  Sixth  Army  surrendered,  showing  low  morale  and  an 
inability  to  engage  some  targets  due  to  lack  of  ammunition. 

The  U.S.  Army  must  plan  its  deployment  of  forces  to 
avoid  both  of  these  extreme  cases.  Currently  scenario  war 
plans  are  developed  by  operations  analysts,  who  determine 


what  forces  they  bel i eve  are  required  and  by  what  date  for  a 
given  scenario.  Logisticians  then  calculate  required 
supplies  to  support  the  force,  using  tabulated  data.  Given 
this  data,  the  transpor tat i on  officers  attempt  to  move  the 
required  force  packages  by  the  required  dates.  If  this  is 
deemed  impossi bl e ,  'the  force  planners  either  extend  the 
required  due  dates* or  reduce  the  planned  force. 

The  implementation  of  this  process  has  resulted  in  Under¬ 
secretary  of  Oefense  Chayes  reporting  a  requirement  for 
between  50  and  150  C-5A  equivalents  in  order  to  meet  urgent 
national  security  needs  (Ref  10:39).  Limited  airlift  assets 
prevent  the  Army  from  moving  everything  it  requires  to 
respond  to  a  major  threat  at  a  single  time.  Therefore, 
decision  makers  must  be  able  to  evaluate,  at  each  point  in 
time,  how  best  to  use  the  forces  and  resources  available. 

This  should  be  done  by  i ncorpor at i ng  into  the  process  the 
reduction  of  airlift  resources  caused  bv  each  fcrce  unit's 
"tail",  the  logistical  requ- remen ts  of  the  force. 

Although  this  is  a  critical  consideration  for  L.S. 
p’anners,  research  to  date  has  addressed  the  prob  am  only 
peripherally.  Tne  U.S.  Army  War  College  1933  list  of 
"strategic  i ssue s . . .mos t  relevant  and  urgent  for  the  to 

study"  (Ref  3:23)  specifically  identifies  tre  ssue  o* 
sustainability  and  strategic  mobilitv  as  a*  unsolved  rases*  :  - 
area.  Col.  Dale  Chief  of  the  War  College  "L*  * 

Operations  and  F  ~iing  group;  LTC.  Murp-.  ✓. 

to  the  Doctrina  d  Force  Issues  group  c*  **e  1  sr  T:'’eue 


Military  Strategy  department;  and  Mr.  J.E.  Trinnamen,  hea 
Mediterranean  studies  tor  the  Strategic  Studies  Institute 
have  all  separately  proposed  that  immediate  research  be 
conducted  on  this  topic  (Ret  3:26-13). 

Probl em 

There  is  presently  no  methodology  which  determines  h 
the  interactions  of  unit  weight,  combat  attributes,  logis 
needs,  and  airlift  resources  can  be  jointly  optimized. 
Because  of  this,  there  is  currently  no  system  to  de term  in 
anal  y  t  i  cal  1  y ,  the  optimal  force  mix  or  the  incremental 
advantage  in  deployed  power  attainable  by  an  incremental 
change  in  airlift  resources. 

Research  Objective 

The  primary  objective  of  this  research  effort  is  to 
determine  a  methodology  by  which  to  optimise  combat  power 
delivered  to_a  theater  during  a  specified  time,  within 
acceptable  levels  of  force  sustainability.  The  use  of  th 
methodology  is  demonstrated  through  implementation  of  a 
small-scale  model.  The  objective  measure  of  merit  is  a 
methodology  which  simultaneously  incorporates  unit,  weight 
requirements,  combat  power  attributes,  resources,  and 
in-theater  constraints  to  find  global  optimal  solutions, 
allows  sensitivity  analysis  of  the  interrelationships  in 


order  to  determine  relative  worth  of  the  a'r’jft  resource 


Scope 


1.  With  the  emphasis  on  rapid  deployment,  this  sti. 
will  address  only  a i r-dep 1 oyed ,  air-supported  units.  Tf 
close  presence,  in  a  crisis,  of  logistics  ships  or  Mar i r 
Amphibious  units  is  fortuitous,  but  cannot  be  relied  upc 
with  current  worldwide  commitments. 

2.  Only  the  case  of  CENTCOM  deploying  into  a  singl 
friendly  airfield  capable  of  supporting  strategic  airlii 
will  be  developed. 

3.  Once  deployed  into  theater,  the  standard  suppl> 
consumption  rates  will  be  used. 

4.  This  study  will  incorporate  only  Air  Force  airc 
and  designated  Civilian  Reserve  Air  Fleet  <CRAF>  to  move 
CENTCOM  assets. 

5.  This  study  will  not  cover  any  attrition  model  in 
forces  leadihg  to  decreased  supply  requirements. 

6.  Sustainability  will  be  kept  as  a  constant  measu 
across  the  entire  deployed  force.  That  is,  all  forces, 
unsupplied,  would  run  out  of  all  supplies  at  the  same  t: 
This  is  assumed  as  a  logical  result  of  proper  logistical 
plannning,  as  it  wouldn't  be  acceptable,  in  combat,  to  r 
out  of  ammunition  but  have  ten  days  food  on  hand,  or  vie 
versa . 


Assumo  1 1 on  s 


1.  The  posture-related  combat  supply 


reqv i reman ts 


listed  in  Army  Field  Manual  181-18-1  and  Army  Supply  Bulletin 
718-2  relates  the  best  expectations  of  Army  logisticians  and 
is  assumed  to  be  accurate. 

2.  Combat  power  as  a  variable  can  be  given  a  definitive 
value  in  a  set  scenario  -for  a  given  type  unit,  and  the 
utility  o-f  all  deployable  units,  in  relation  to  each  other, 
can  be  rank  ordered.  Although  quantifiable  values  for  the 

ab i 1 i t i es  of  each  type  *of  unit  are  difficult  to  de  term i ne , 
experts  in  the  field  of  operations  planning  should  be  able  to 
quickly,  accurately,  and  subjectively  rank  order  the  relative 
unit  desirability  <Ref  9,  21). 

3.  Aircraft  moving  units  may  be  cross-1 oaded  with  more 
than  one  unit.  A  linear  trade-off  relationship  is  assumed 
between  different  categories  of  cargo.  Therefore,  if  an 
aircraft  is  filled  to  58*/.  of  its  oversize  carry  capacity,  it 
can  still  add  up  to  507.  of  bulk  carry  capacity. 

4.  An  Aerial  Port  of  Delivery  <APOD)  exists  which  has  a 
ground  link  to  the  area  of  force  employment,  and  at  least  one 
secondary  airfield  exists  in  the  area  of  the  deployed  force 
location. 

5.  Free  (no  transpor tat i on  cost)  aircraft  POL  is 
available  in  unlimited  quantities  at  the  eirfields.  This  is 
a  common  assumption  and  will  be  repeated  here.  If  this  is 
eventually  not  the  case,  the  sorties  available  may  be  reduced 
or  the  cargo  capacities  changed. 

6.  The  air  cargo  weight  of  a  unit  can  be  completely 
expressed  in  terms  of  outsize,  oversize,  and  bu’k  c  e-go ,  and 


these  categories  are  independent  of  the  aircraft  hauling  the 


cargo . 

Me  thodol oqv 

The  overall  objective  of  this  study  is  to  develop  a 
methodology  to  maximize  combat  power  delivered  to  a  theater 
as  a  function  of  time.  This  can  be  broken  into  two 
subordinate  and  equally  important  goals:  maximize  the  combat 
power  delivered,  and  minimize  the  time  it  takes  to  deliver 
it.  Constraints,  which  could  be  expressed  as  goals,  because 
variance  from  them  is  allowable  but  undesirable,  are  the 
f ol 1 ow i ng : 

1.  Keep  a  certain  fixed  or  minimum  ratio  between  combat 
and  combat  support  units. 

2.  Keep  unit  sustainability,  as  reflected  by  percentage 
of  required  supplies  delivered,  at  a  fixed  level. 

3.  Maximize  the  anti-tank  strength,  defensive  frontage 
or  firepower  of  the  deployed  force. 

4.  Maximize  utilization  of  Air  Force  airlift  assets,  in 
tonnage  and  allowable  cubage. 

Constraints  which  are  absolute  are  the  following: 

1.  Outsize  cargo  will  fit  only  outsize  capable 
aircraft.  Oversize  cargo  will  fit  on  outsize  capable 
aircraft  or  on  oversize  capable  aircraft.  Bulk  cargo  will 
fit  on  all  car go-car r y i ng  aircraft. 

2.  A  deployed  unit  consumes  supplies  at  a  fixed  rate 


■for  its  given  state,  related  to  its  combat  posture. 


3.  There  is  a  limit  on  the  number  of  each  type  of 
aircraft  available. 

4.  There  is  a  limit  on  the  number  of  sorties  the  Aerial 
Port  of  Delivery  <APQD>  can  service. 

5.  CRAF,  C-5,  and  C-141  aircraft  can  only  land  at  the 
APOD.  C- 17  and  C-130  aircraft  are  capable  of  direct 
delivery,  or  of  landing  at  the  APOD.  C-141'' s  can  direct 
deliver  airborne  units  and  supplies  by  airdrop,  or  land  at 
the  APOD. 

6.  Unit  sustainability  has  a  floor.  United  States 
National  Command  Authority  will  not  build  up  force  strength 
at  the  expense  of  letting  troops  already  deployed  run  out  of 
ammun i t i on  or  food . 

7.  Supplies  delivered  to  the  APOD  for  front-line  forces 
must  be  trucked  or  airlifted  to  the  combat  forces  at  the 
front . 

Once  the  model  is  mathematically  formulated,  it  is 
evaluated  as  to  the  combat  power  per  unit  time  it  delivers  to 
the  theater  of  operations.  This  measure  of  effectiveness  is 
tested  over  several  scenarios,  varying  APOD  capacity, 
distance  from  APOD  to  the  front,  and  the  available  aircraft 
force  mix.  Finally,  a  determination  is  made  as  to  whether 
this  attempt  at  modeling  the  problem  of  delivering  combat 
power  offers  advantages  over  current  processes. 

Pictorially,  the  model  is  as  shown  in  Figure  1. 


8 


Format 


Chapter  II  of  this  paper  provides  a  description  of 
complexity  and  realism  issues  associated  with  force 
employment  models,  followed  by  a  brief  review  of  currently 
used  models.  Prevailing  assumptions  and  approaches  are 

e 

addressed. 

Chapter  III  provides  a  brief  description  of  the 
available  means  of  modeling  to  approach  the  problem  and  shows 
why  goal  programming  is  selected.  Additionally,  it  describes 
briefly  the  underlying  mathematical  pre 1 i m i nar i es  of  the  goal 
programming  formulation. 

Chapter  IM  addresses  the  underlyi-ng  assumptions  of  the 
model  approach,  and  describes  model  parameters,  both  inputted 
and  computed.  ' 

Chapter  V  presents  the  development  of  the  model, 
including  the  constraint  set  and  the  goal  formulations.  Each 
constraint  set  is  accompanied  by  a  description  of  its  use  and 
app 1 i cab i 1 i ty . 

Chapter  MI  addresses  the  model  options  which  can  be 
developed  by  the  inclusion  of  additional  variables  and 
constrai nts. 

Chapter  VII  provides  a  numerical  example  with  a 
generated  scenario. 

Chapter  Mill  presents  a  discussion  of  sensitivity  issues 
and  model  stability.  This  is  extended  to  an  analysis  of  the 
benefits  to  be  gained  by  expanding  the  analysis  of  a  single 
model  run  to  the  generation  of  a  flexible  response  surface 
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based  on  a  feasible  ranging  of  the  critical  variables. 

Chapter  IX  demonstrates  the  interrelationship  of  five 
key  variables  by  use  of  a  multiple  analysis  of  variance,  and 
then  generates  a  flexible  response  surface  using  a  fractional 
factorial  minimum  bias  design  based  on  a  cube  plus  star  plus 
center  point  second  order  surface.  The  relative  worth  of 
each  response  surface  variable  is  explored  over  its  range, 
and  a  simple  estimation  of  trade-off  points  between  two 
airlift  aircraft  developed. 

Chapter  X  presents  the  conclusions  of  this  research  as 
to  whether  the  explored  methodology  has  valid  applications 
for  mi  1 i tary  modeling,  and  presents  observations  which  are  a 
result  of  the  model  output. 


1 1 .  Literature  Review 

In  reviewing  pertinent  literature,  this  research 
investigated  two  separate  areas:  the  deployed  unit  attributes 
and  requirements  <both  movement  and  logistical  supply),  and 
current  strategic  deployment  models  available  to  -fulfill  the 
research  objectives.  The  -first  portion  of  th  i  s'  1  i  terature 
review  develops  the  unit  attributes  and  requirements.  The 
final  portion  reviews  existing  deployment  models. 

Unit  At  tr i bu  tes 

1 .  Available  models  to  analyze  combat  potential 

Many  attempts  have  been  made  at  modeling  Army  combat 
power,  most  utilizing  Lanchester  equations  (Ref  33). 
Lanchester  equations  are  large  mathematical  models  which 
relate  small  unit  combat  and  all  its  variables  to  a  system  of 
differential  equations.  These  models  utilize  low  level 
tactical  engagements  and  then  aggregate  these  engagements  for 
increasingly  higher  level  units.  The  models  are  sensitive  to 
small  variations  in  tactical  deployments  (Ref  45:36). 

An  alternative,  the  Historical  Evaluation  Research 
Organization  (HERO)  Quantified  Judgemental  Model  <  G JM)  has 
been  developed  and  utilized  over  a  wide  range  of  engagements, 
including  the  latest  Mideast  wars.  Analysis  results  are 
comparable  to  or  better  than  the  results  of  the 
Lanchester-based  aggregate  models  (Ref  15:150).  This  QJM 
model  can  also  be  used  independently  of  enemy  force 
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structure.  Although  it  has  not  yet  been  used  -for  "forecast  in 
capabilities,  it  is  capable  o-f  doing  so,  and  of  being  applie 
to  a  Mi  deast/Sou  thwest  Asia  deployed  -force  (Ref  15:131).  Th 
QJM  method,  although  programmed  or  the  AFIT  computer, 
requires  an  extensive  breakdown  o-f  every  unit,  and  every 
weapon,  and  ballistic  data  on  every  weapon.  Its  basic 
methodology  relies  on  a  number  o-f  generated 
i  nterrel  at  i  onsh  i  ps  between  input  -factors  to  obtain 
generalized  variables.  These  variables  are  then  manipulated 
by  a  quadratic  equation  obtained  through  historical  factor 
regression  analysis  to  determine  an  end  result,  given  as  an 
output . 

The  Army  War  College  has  a  strategic  mobility  exercise, 
followed  by  a  large-scale  tactical  exercise,  which  assigns 
values  to  combat  units.  These  values  were  developed  at  the 
Army  War  College  by  consensus  among  the  faculty  and  staff. 
Analysis  of  Delphi  consensus  closure  techniques  has  revea'ec 
an  extremely  good  correspondence  between  actual  variable 
values  and  those  estimated  by  a  consensus  formulation  among 
knowl edgeabl e  participants  <Ref  9).  Since  the  faculty  and 
staff  are  of  extremely  high  caliber,  it  can  be  assumed  that 
the  combat  values  associated  with  the  various  units  have  a 
reasonable  degree  of  validity,  or  at  least  are  excellent 
starting  values. 

2.  Methods  of  est i mat i no  An t i -Tank  caoabil  ties. 

To  estimate  the  anti-tank  (AT)  capability  of  various 
units,  many  separate  studies  and  analyses  conducted  by 
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Army  Training  and  Doctrine  Command  (TRADOC)  and  the  Army's 
TRASANA  "think-tank"  have  been  done  listing  the  assets 
available  and  implying  linear  relationships  between  numbers 
of  systems  and  unit  worths  in  the  AT  role  (Ref  27:26). 
Systems  can  be  weighted  as  to  their  average  performance. 

3.  Methods  of  estimating  unit  defensive  ability. 

The  capability  of  a  unit  to  man  a  front  line,  or  hold  a 
perimeter,  is  largely  a  reflection  of  its  infantry  strength, 
adjusted  by  mobility  (Ref  15:150;45>.  This  Front-Line-Trace 
capabi 1 i ty,  or  limit  on  defensive  frontage,  is  readily 
available  in  Army  field  manuals  specific  to  the  Army  units. 

Equipment  restrictions  on  Force  buildup; 

An  airhead  is  the  Army  technical  term  used  to  describe 
the  p.erimeter  of  ground  controlled  by  friendly  forces  during 
an  airborne  operation  into  a  hostile  country.  For  initial 
seizure  by  airdrop  of  an  airhead,  an  airborne  brigade 
requires  over  1500  cargo  parachutes  and  4583  individual 
parachutes  (Ref  46iU.2-13) .  There  are  three  airborne 
brigades  in  the  82nd  Airborne  Division.  In  combat,  the 
parachutes  are  largely  unrecover abl e ,  and,  because  of  a 
limited  number  of  parachutes  in  stock,  the  Army  will  run  cut 
of  parachutes  to  support  sustained  airdrop  operations. 
Additionally,  support  requirements  for  large  scale  units  are 
normally  measured  in  thousands  of  tons  per  day.  The  U.S. 
Army  currently  has  only  one  active  and  two  reserve 
quar termaster  airdrop  supply  companies.  They  are  capable  of 
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preparing  at  most  209  tons  per  day  apiece  -for  airdrop  (Ret' 
19:8).  Therefore,  sustained  operations  require  early 
establishment  of  an  airbase  for  resupply  operations. 


To  establish  an  airbase  capable  of  sustaining  large 
scale  Air  Force  operations  into  the  airhead  will  take  a  large 
number  of  Air  Force  personnel  and  their  accompanying 
equipment  <Ref  40).  Studies  of  Saudi  Arabia,  a  typical  RDJTF 
deployment  area,  show  that  the  ratio  of  austere  (bare  base, 
requiring  maximum  Air  Force  support  and  improvement) 
airfields  to  main  bases  is  between  7:1  and  19:1  (Ref  1:5-13). 
Therefore,  after  initial  delivery  of  combat  power  into  a 
theater  of  operations,  considerable  effort  must  be  expended 
to  deliver  and  sustain  airfield  support  personnel,  a 
requirement  which  interferes  with  the  steady  increase  of 
combat  power  on  the  ground.  The  delivered  supplies, 
especially  munitions  (Ref  11 s3>,  must  then  be  transported 
from  the  new  airbase  to  the  troops,  requiring  a  large  influx 
of  combat  service  support  troops  and  their  trucks.  This  is 
substantiated  by  Captain  B.  Tarnopolski,  U.S.  Army ,  in  an 
abstract  of  an  unpublished  report  quoted  in  DOD  Log  Abstract 
(Ref  2:175).  The  effect  of  these  limiting  factors  on  combat 
power  during  deployment  has  not  been  specifically  addressed 
to  date  in  any  research  listed  with  the  Defense  Technical 
Information  Center  (DTIC)  (Ref  43). 

Current  Models  on  Logistics  and  Sustainability 

Current  research  recognizes  the  exceptionally  nigh 


vulnerability  of  the  best  plans  to  logistics  problems.  The 
Institute  -for  Defense  Analysis  (IDA)  reported  "Current 
ground-air  models  do  not  treat  logistics  vulnerabilities 
well,  if  at  all"  (Ref  22:17) . 

An  analysis  sponsored  by  the  U.S.  Army  Harry  Diamond 
Laboratories  “examined  the  impact  of  varying  resupply  rates 
on  the  units/  ability  to  sustain  combat"  (Ref  35:ES1>.  This 
paper  found  that  the  standard  artillery  battalion  can  fire  a 
expected  rates  only  12  hours  with  no  resupply,  and  the  daily 
resupply  rate  for  the  battalion  is  192  short  tons  of 
ammunition  (Ref  35:£S«6).  Similarly,  the  standard  tank 
battalion  can  sustain  itself  for  fuel  only  two  days,  and  its 
daily  resupply  rate  is  in  excess  of  12,900  gallons,  or  96 
short  tons  of  fuel  per  day  (Ref  35:3-25).  The  82nd  Airborne 
Division,  the  lightest  division  in  the  RDJTF ,  contains  three 
artillery  battalions  and  one  light  tank  battalion.  The 
problem  with  transport  constraints  increases  greatly  when  al 
supplies  for  all  deployed  units  such  as  water,  food,  soars 
parts,  and  other  types  of  ammunition  and  fuel  are  considered 
The  Army  Field  Manual  (FM)  101-10-1  and  Supply  Bulletin  (SB) 
718-2  relate  requirements  of  each  unit  by  type  of  supply  to 
combat  posture,  and  these  rates  aggregate  as  more  units  are 
dep 1 oyed  (Ref  11). 

Given  these  large  requirements  for  continuing  logistics 
support,  it  is  critical  that  an  optimal  point  be  defined 
which  offers  the  most  combat  power  for  the  mission,  without 
exceeding  resupply  capabilities.  This  point  has  not  yet  bee 


determined  (Ref  26). 


Current  Deployment  Models 

An  article  capturing  the  lessons  of  the  BRIGHT  STAR  81 
rapid  deployment  exercise  to  Egypt  suggested  improu enter. ts  in 
MAC  load  planning  procedures,  currently  done  mainly  by  hand 
(Ref  18:22).  The  measure  of  merit  discussed  is  that  "the 
most  efficient  use  of  airlift  resources  is  obtained  through 
maximum  airlift  loads"  (Ref  18:23).  HQ  MAC,  with  the 
approval  of  HQ  USAF,  is  developing  computerized  models  to 
accomplish  load  planning.  However,  the  optimization  of  a 
subgoal,  efficient  movement  of  cargo,  does  not  necessarily 
imply  or  support  optimization  of  the  RDJTF  mission,  which  is 
rapid  deployment  of  combat  power.  The  comprehensive  nature 
of  the  problem  is  well  described  in  an  overview  essay  by 
Sheldon  (Ref  36). 

Currently,  very  detailed  computer  models  exist  at  HQ 
USAF/SAGM  in  the  Pentagon  and  at  the  Military  Traffic 
Management  Command.  These  models  move  units  based  on  a  large 
number  of  parameters  and  are  generally  efficient.  Phase  I  of 
the  Time-Phased  Force  Deployment  Data  (TPFDD)  completes  a 
detailed  analysis  of  forces  and  supplies  to  be  moved  (Ref 
31:21).  This  model  sums  all  unit  equipment  and  requirements, 
in  accordance  with  the  units'  priorities.  MAC  planners  may 
begin  movement  of  a  unit  in  advance  of  the  RDD  (Required  Due 
Date)  in  accordance  with  its  best  aircraft  utilization 
mandate  (Ref  26).  As  shown  by  Levin  and  Friedman,  “It  is 
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fair!  y  common  practice  to  separate  me  dec  s  or  jros! f'  . *  to 
two  separate  stages  ;  n  Battle  titter  ions  nh?r»  me  command  of 
the  support  units  has  to  plan  according  to  the  demands  or  the 
■fighting  units.  This  may,  of  course,  lead  to  a  subop  t  i  mal 
overall  solution;  very  seldom,  however,  are  the  decisions 
made  simultaneously.  As  in  many  other  military  problems,  the 
deployment  o-f  support  units  is  solved  as  a  cost-effectiveness 
rather  than  a  cost-benefit  problem11  (Ref  28:41). 

Although  the  interface  between  the  i  n  ter  theater  delivery- 
airfield  and  the  front  line  where  the  combat  strength  wi’l  be 
deployed  is  critical,  to  date  no  mode  1  is  available  which 
interrelates  the  i n ter  theater/ i n tra theater  problem  for  the 
Air  Force  assets.  This  makes  it  currently  impossible  to 
obtain  an  analytical  estimate  of  the  relative  worth  of 
various  aircraft  types  in  the  CENTCOM  deployment  scenario,  or 
to  estimate  an  optimal  force  mix  for  airlift  resources  (Ref 
33)  . 

A  Congress i on al 1 y  Mandated  Mobility  Study  <CMM3) 
examined  lift  requirements  through  four  scenarios,  three 
dealing  with  the  employment  of  forces  i  r,  Southwest  Asia,  ana 
one  dealing  strictly  with  NATO,  The  study  assumed  in  all 
cases  that: 

1.  Adequate  fuel  would  be  available  at  all  enroute 
bases . 

2.  Reception  ports  and  airfields  (APODs)  were  adequate 
to  process  all  personnel  and  cargo  moved  to  the  theate-. 

3.  Basing  and  overflight  rights  were  granted  by  a’! 
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allied  end  normally  -friendly  countries. 

The  conclusion  was  that  current  mobil i  ty  forces  "were 
not  able  to  meet  the  lift  requirements  of  any  of  the 
scenarios"  (Ref  27:38). 

The  study  also  showed  that  a  timely  response  (rapid) 
force  was  up  to  four  times  as  effective  as  a  similar  force 
delivered  later,  and  that  "direct  delivery  of  material  to 
forward  airfields"  conferred  a  7%  to  15%  productivity 
advantage  based  on  time  made  up  by  reduced  intratheater 
movement  (the  units  were  then  not  required  to  move  forward 
from  the  APOD  to  the  deployment  area)  (Ref  27:32).  However, 
tn i s  finding  is  predicated  largely  on  assumption  number  two. 
If  in  fact  the  reception  port  or  airfield  is  constrained  by- 
park  ing  space  or  by  material  handling  equipment,  then 
aircraft  which  can  fly  only  to  the  reception  APOD  will  be 
limited  in  delivered  sorties,  whereas  aircraft  capable  of 
direct  delivery  remain  unconstrained.  Thus,  the  CMMS, 
because  of  assumption  number  two,  underestimates  the 
advantages  gained  by  direct  delivery.  Assumption  two  also 
inherently  allows  an  unlimited  number  of  intratheater  -lights 
to  move  cargo  forward,  basically  portraying  an  airfield  which 
cannot  become  capacitated.  Only  flying  hours,  distances, 
planes  and  lift  capabilities  limit  the  airlift  of  forces. 
Further,  the  forces  lifted  are  predetermined,  so  that  there 
is  not  an  optimal  force  response,  unless  coincidentally.  The 
study  dealt  solely  with  the  question  of  how  fast  a  given  set 
of  units  could  be  moved  to  a  given  area. 


The  aircraft  Loader  Model  is  currently  used  by  tns 
J-4.  Given  the  complete  physical  description  and  we i gt 
all  cargo  to  be  moved,  and  the  physical  limitations  an.: 
numbers  o-f  all  planes  available,  it  estimates  the  numbs 
airlift  aircraft  required  to  perform  a  stated  transport 
mission  (Ref  33:17).  A  month  is  required  to  acquire  th 
data;  one  man-day  is  required  to  analyze  the  output.  T 
is  no  attempt  to  determine  if  the  load  chosen  was  opt'rr 
just  an  attempt  to  estimate  the  fewest  sorties  required 
move  the  force,  using  numerical  analysis. 

The  Airlift  Loading  Model  (ALM)  performs  a  similar 
function,  but  uses  simulation.  Currently  used  by  the  A 
Force  Assistant  Chief  of  Staff  for  Studies  and  Anaiysi 
takes  only  one  man-hour  to  evaluate  the  results.  Howev 
is  strictly  a  one-sided  model  which  loads  forces,  and  t 
is  no  interaction  with  the  deployed  units'  needs, 
transhipment,  or  attributes  (Ref  33:21). 

The  AMPS  (Air  Movement  Planning  System)  is  an  anal 
model  which  plans,  diagrams,  and  manifests  individual 
aircraft  loads  of  equipment  and  per some :  for  movement 
C-5,  C-141,  and  C-13S  aircraft  (Ref  33:25).  It  is  used 
the  U.S.  Army  Logistics  Center. 

ATLAS  (A  Tactical,  Logistical  and  Air  Simulation) 
another  analytical  model.  Ground  forces  are  scheduled 
arrival,  logistics  inputs  establish  supp-v  mqu  i  ~ement-s 


air  inputs  provide  perf ormance ,  vu i nerab 
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on  aircraft  and  airbases.  The  model  cutout  varies,  c - h 


measure  merit  is  Forward  Edge  of  the  Battle  Area  CFEBA) 


movement,  which  in  turn  is  a  function  of  firepower,  terrains 
and  posture.  Ic  requires  2-4  months  to  acquire  the  base  oat; 
and  one  month  to  input  the  data  in  model  form.  Its  princ.pa 
users  are  the  U.S.  Air  Force  Special  Studies  Division,  the 
Studies,  Analysis  and  Gaming  Agency  <SAGM>,  the  Organization 
of  the  Joint  Chiefs  of  Staff,  and  the  U.S.  Army  Concepts 
Analysis  Agency.  The  model  is  not  an  optimization  routine, 
but  determinative,  which  reveals  the  probable  system:  output 
response  to  given  input  data.  Firepower  scores  for  the 
opposing  forces  <the  "combat  power")  are  assumed  to  be 
linearly  additive  with  no  interactive  or  enhancement 
coefficients.  This  model  is  used  over  60  0  times  per  year 
< Ref  33:44). 

The  POSTURE  model,  developed  in  the  early  1970s  by  the 
General  Research  Corporation,  solves  for  the  maximum 
capability  of  a  mobility  fleet  subject  to  a  given  set  of 
tr anspor tat i on  restr i c t i ons .  A  typical  representation  ranges 
from  500  rows,  2000  columns  to  2000  rows,  10,00©  columns,  an< 
takes  between  forty  minutes  to  one  hour  of  CPU  time  on  an  ril: 
6080  computer.  In  order  to  optimize,  vehicles  are 
fractionalized  and  unit  integrity  is  not  maintained.  PCSTUR5 
relies  on  a  predetermined  time-phased  deployment  list  of 
units,  and  therefore,  is  solely  concerned  with  mobility  <Ref 
33:243),  using  a  transportation  algorithm. 

There  are  three  models  extant  which  attempt  to  close 
units  bv  means  of  airlift  to  an  Aerial  Port  of  Debarkation 
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(APOD)  in  the  most  efficient  manner  possible.  MACE  (Military 
Airlift  Capabili.ty  Estimate)  is  an  analytical  model  which 
uses  general  planning  data  (not  specific  data  on  every  piece 
of  unit  property,  such  as  used  by  ALM)  to  estimate 
large-scale  troop  and  cargo  movement  closure  times.  It  makes 
no  attempt  to  move  the  most  needed  units  first,  just  to 
minimize  aggregate  closure  time.  It  is  used  about  75  times  a 
year  by  the  Organization  of  the  Joint  Chiefs  of  Staff  (CJCS) 
J-4  (Ref  33:202).  RAPIDSIM  (Rapid  I n ter  theater  Deployment 
Simulator)  simulates  both  the  deployment  of  combat  units  and 
their  required  supplies  to  a  theater.  All  units  moved  have  a 
prede term i ned  order  of  movement  priority,  and  the 
transhipment  problem  from  the  APOD  forward  to  the  front  is 
not  addressed.  The  same  organization  aa  above  uses  tnis 
model  260  times  a  year  (Ref  33:261).  The  OJCS  J-4  also  uses 
SITAP  (Simulator  for  Transportation  Analysis  and  Planning). 
This  is  formulated  as  a  transpor tat i on  model.  The  network 
formulation  allows  weights  to  utilization  and  blockages  in 
the  defined  network,  but  requires  a  predetermined  demand 
ordering  for  cargo  movement  (Ref  33:339). 

The  Army's  Concepts  Analysis  Agency  uses  the  TRANSMO,  a 
computerized,  analytical  model  which  determines  arrival  time 
of  U.S.  forces  to  overseas  theaters.  The  model  determines 
deployment  schedules  with  specified  lift  assets,  or  designs  a 
lift  system  to  meet  the  required  deployment  schedule.  Its 
inputs  include  troop  strengths,  resupply  rates,  lift  vehicle 
capacities,  and  general  scenario  characteristics  sue*  s  port 


restrictions  and  distances  between  ports  (Ref  23:365-366;  . 

The  models  described  here  all  fail  to  meet  the 
objectives  of  the  research  for  several  reasons. 

1.  They  are  response  oriented  in  that  the  desired  units 
and  order  of  units  to  be  deployed  is  prede term i ned . 

2.  Although  some  address  supplies  for  deployed  forces, 
they  fail  to  solve  the  problem  of  transhipping  the  supplies 
to  the  combat  units  forward  of  the  APOD,  or  to  incorporate 
the  effects  of  the  intratheater  problem  on  APOD  port  capacity 
to  receive  intertheater  shipments. 
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III.  Mode  lino  Approach 

The  problem  of  modeling  a  contingency  -force  deployment 
is  subject  to  inevitable  trade-offs  between  total  realism  and 
practical  use.  Two  broad  types  o-f  models  are  available, 
simulation  and  analytical  optimization,  and  both  have  been 
separately  employed  in  the  construction  o-f  various  existing 
air  movement  models.  Both  these  methods  attempt  to  capture, 
as  best  as  possible,  the  essential  elements  o-f  the  problem. 

I-f  a  problem  cannot  be  solved  as  it  is  exactly,  one  seeks  an 
approximating  problem  "close  to  the  original"  which  can  be 
solved.  The  exact  solution  o-f  the  approximating  problem  is 
potentially  -  but  un-f or tunate  1  y ,  not  necessarily  -  an 
approximate  solution  to  the  exact  problem  <Ref  48:275>.  This 
chapter  will  discuss  the  criteria  and  methodology  trade-o-f-fs 
which  led  to  the  choice  of  interactive  sequential  goal 
programming  as  the  preferred  methodology  for  the  developed 
model,  and  the  selection  of  a  flexible  response  surface  based 
on  regression  analysis  as  the  preferred  means  of 
investigating  the  sensitivity  of  the  model  to  parametric 
changes . 


S i mu  1  at i on 

The  1 arger  portion  of  available  models  representing 
force  deployment  utilize  simulation  techniques.  Simulation 
models  have  considerable  appeal  to  non-techn i cal  managers. 
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because  the  actions  flow  sequentially  and  a  rapid  check  can 
be  made  as  to  the  level  of  simulation  detail.  Simulation 
models  consider  one  alternative  and  evaluate  a  given  plan 
based  on  the  given  scenario.  The  generated  solutions  do  not 
identify  alternatives  and  provide  limited  insight  to  the 
underlying  trade-off  relationships  within  the  model.  In  a 
large  scale  simulation,  actual  differences  in  worth’  of 
competing  resources  can  be  dominated  by  the  stochastic 
variance  of  the  final  solutions  <Ref:3>.  A  simulation 
provides  the  flexibility  to  iteratively  and  manual  1 y  alter 
parameters,  but  it  never  compares  solutions  or  attempts  to 
optimize.  Therefore,  simulation  results  in  feasible 
solutions,  which  approach  "good"  through  careful  use  but  can 
never  guarantee  "best".  Because  of  these  reasons,  analytical 
optimization  was  chosen. 


Formulation  as  a  Transoor tat i on  Model 

This  problem  could  be  formulated  as  a  transportation 
problem  using  all  integer  expression,  and  using  each 
plane-cargo  combination  as  a  link  between  nodes  which 
represent  airports  (Ref  17).  An  effort  to  create  a 
formulation  of  this  type  was  briefed  at  the  1983  MORS 
conference,  dealing  only  with  efforts  to  further  optimize 
cargo  delivery,  without  recourse  to  simulation  <Ref  24). 
disadvantage,  though,  is  that  the  number  of  link-node 
combinations  is  very  large,  and  it  would  be  difficult  to 
express  the  tonnage  delivered  in  terms  of  combat  units 


without  recourse  to  gross  aggregation,  which  would  not  serve 
the  purposes  of  this  thesis. 


Formulation  Through  Dynamic  Pr oor amm i no 

A  "Dynamic  Programming  Approach  to  Resource  Scheduling 
under  Constraints"  was  offered  by  David  Tyburski  (Ref  47). 
It  uses  the  general  form  of  the  recursive  relationship 


fn<Xn>  =  m i n £ rn (Xn , Dn )  +  f n-1 < tn <Xn , Dn ) ) 3 
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with  the  transition  function  tn  finding  the  optimal  decision 
at  each  stage  based  on  performance  at  the  previous  stage.  A 
separate  transform  would  have  to  be  written  for  each  type  of 
cargo,  and  a  dependency  relationship  formulated  for  each  type 
of  unit  among  the  types  of  cargo.  Although  a  feasible 
methodology,  the  recursive  nature  of  dynamic  programming 
requires  initial  knowledge  of  the  ending  state.  With  a 
program  set  up  using  the  interservice  approach  of  current 
models,  to  optimize  delivery  of  given  units  (and, 
correspond i ngl y ,  tonnage)  in  a  given  time,  this  would  be  an 
excellent  approach.  However,  the  goal  of  this  thesis  is  to 
both  force  delivered  and  means  of  optimize  delivery,  i.e.,  do 
as  much  as  possible,  not  just  optimally  match  a  given 
prede term i ned  response. 


The  methodology  of  linear  programming  is  well  proven. 
When  set  up  as  a  system  of  interrelated  linear  equations,  the 
problem  becomes  readily  solvable  by  a  number  o-f  LP 
algorithms.  A  key  criteria,  however,  is  the  requirement  to 
insure  that  the  expressed  relationships  are  in  -fact  linear 
over  their  domain. 

This  problem  can  be  addressed  by  partitioning  the 
problem  in  such  a  way  that  the  nonlinear  -function  can 
reasonably  be  expressed  as  piecewise  linear,  without  serious 
degradation.  For  the  nonlinear  relationship  of  combat  power 
to  time  of  deployment,  for  example,  the  time  can  be  broken 
into  subsets  which  allow  the  combat  power  to  be  placed  in  the 
objective  function  with  separate  variables,  each  representing 
a  time  segment  of  the  timed  response,  with  each  having  a. 
different  coefficient.  If  the  partitioning  of  the 
independent  variable  is  sufficiently  small,  the  errors 
induced  by  this  forced  linearity  of  a  curvilinear  response 
are  negligible  (this  is  similar  to  arguments  for  the  calculus 
of  di f f erences) . 

The  responses  desired  from  this  model,  however,  are  not 
merely  dependent  on  a  single  objective  function,  but  rather 
on  a  series  of  desired  objectives,  or  goals. 


Another  method  of  achieving  a  solution  set  would  be  to 
■formulate  the  problem  as  a  generalized  multiple  objective 
linear  program  <GM0LP),  allowing  m i xed- i n teger  solutions  <Ref 
20,25).  The  immediate  advantage  of  this  method  is  that  it 
avoids  the  problems  of  strictly  formulated  integer 
programming,  although  it  doesn't  guarantee  an  efficient 
solution  set  until  the  entire  problem  is  solved.  The  theory 
behind  this  method  is  well  proven,  and  several  commercial 
programs  exist,  available  for  employment,  such  as  the  ISM 
MPSX379-MIP  < Ref  42,44). 

Since  the  basic  problem  is  to  emphasize  combat  power- 
delivery,  the  use  of  GMOLP  would  have  to  be  modeled  to  force 
this  occurrence.  Three  methods  are  available  to  do  this: 
prioritized  goals,  weighted  goals,  and  intervals  around  the 
goal  . 

Prioritized  goals  will  insure  that  the  primary 
objectives  are  fully  satisfied  in  order  of  rank,  never 
satisfying  a  lower  goal  at  the  expense  of  a  higher  one.  This 
would  accomplish  the  objective,  but  it  may  drive  several 
lower  ranked  goals  to  large  values  of  underach i evemen t .  A 
major  difficulty  is  in  setting  the  objective  value  of  a  high 
ranked  goal  -  if  it  is  too  high,  the  lower  ranked  goals  have 
no  impact  on  the  solution  set.  This  result  is  demonstrated 
graphically  by  Ignizio  <Ref  21:397-3??). 

Weighted  goals  are  a  good  alternative  to  the  problems 
posed  by  prioritized  goals,  because  the  goals  are  satisfied 


simultaneously  in  accordance  with  their  importance.  A  major 
difficulty,  however  ,  is  in  determining  the  comparative  weight 
of  conflicting  priorities,  especially  when  goals  have 
i ncommensur abl e  units.  Minor  errors  in  these  weights 
invalidate  the  model  results,  and  it  is  difficult  to  find 
competent  authority  to  state,  categor i cal  1 y ,  that  anti-tank 
capability  of  the  deployed  force  is  exactly  1.2  times  as 
important  as  the  defensive  frontage  of  the  force. 

An  interval  around  the  objective  goal  could  be 
established,  which  would  avoid  both  the  problems  in  weighting 
the  goals  and  the  problem  of  specifying  too  high  a  goal  in 
pr i or i t i rat i on  <Ref  21:402).  The  interval  would,  instead  of 
an  objective  goal,  specify  minimum  and  maximum  acceptable 
values  around  the  desired  goal.  This  has  the  advantage  that, 
if  the  solution  set  is  feasible,  no  goal  will  be  unacceptably 
underachieved.  However,  because  of  the  problem  under- 
consideration,  it  is  likely  that  with  this  method  the  measure 
of  combat  power  delivered,  the  most  demanding  factor,  would 
always  be  driven  towards  the  lower  acceptable  edge  of  the 
interval.  This  is  exactly  the  opposite  to  the  purpose  of 
this  study. 

A  further  problem  with  GMOLP  is  that  various  goal  levels 
must  be  investigated  to  insure  that  the  "best  compromise" 
solution  is  found.  But,  since  this  search  investigation 
process  is  not  a  formal  part  of  the  GMOLP,  truly  optimal 
solutions  may  fall  in  the  intervals  between  the  searched 
states.  Zeleny  and  Cochrane,  summarized  by  Masud  and  Hwang, 
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■found  "that  the  a  priori  specification  of  goals  and  their 
ranks  can  result  in  a  solution  which  may  not  be 
' nondom i nated' "  (Ref  29s391>. 


Sequential  Goal  Proor amm i no 

Sequential  goal  programming  is  a  lexicographic  approach 
to  goal  programming.  Using  an  objective  formulation  of 
strictly  commensurable  units,  the  first  goal  is  maximized  (or 
minimized)  subject  to  a  determined  constraint  set.  The 
optimal  response  returns  the  highest  value  this  goal  can  ever 
take  on.  If  this  response  is  less  than  the  desired  goal ,  the 
desired  goal  is  unachievable.  The  objective  formulation  is 
appended  to  the  constraint  set  as  an  additional  constraint, 
with  the  right  hand  side  being  either  less  than  or  equal  to 
the  maximum  attainable  response,  depending  on  whether  the 
desired  goal  is  either  less  than  or  greater  than  the 
achievable  response.  This  will  ensure  consistency  in  the 
constraint  set.  The  next  goal  formulation  is  subsequently 
maximized  (or  minimized).  The  advantage  of  this  methodology 
is  that  the  goal  set  is  piecewise  evaluated,  and  full' 
sensitivity  ranging  (right  hand  side  ranging  and  objective 
coefficient  ranging)  can  be  explored  for-  each  goal  as  it 
relates  to  the  constraint  set  and  to  higher  priority  goals 
(Ref  29).  However,  this  approach  still  shares  with  SMOLP  the 
problem  of  finding  the  "best  compromise"  goal  which  is  fully 


achievable  and  gives  the  overall  best  response. 


Examining  a  model's  solutions  dependent  on  a  single  go* 
can  be  accomplished  by  use  of  standard  objective  coefficient 
ranging  techniques,  with  multiple  runs  giving  a  full  spectre 
of  the  sensitivity  of  the  solution  to  the  goal -we i gh ted 
interrelationships  between  variables.  Similarly,  right  hand 
side  ranging  for  resource  input  parameters  or  higher  ranked 
goal s  defines  the  mode  1 ' s  range  within  the  op  t i ma!  re soon se . 
To  explore  the  full  range  of  responses  dependent  on  multiple 
parametric  changes  in  order  to  explicitly  define  parametric 
relationships  would  require  a  factorial  design  which  could, 
even  within  a  reasonable  range  of  interest,  require  an 
infeasible  number  of  model  runs. 

"The  single  parameter  sensitivity  technique... 
has  three  major  disadvantages.  First,  only  one 
parameter  can  be  varied  efficiently  at  a  time. 

Secondly,  this  measure  provides  no  numerical  measure 
or  ranking  of  the  importance  of  a  parameter  to  the  end 
solution.  And,  thirdly,  no  information  is  provided 
about  the  interrelationships  between  the  important 
factors  under  study."  (Ref  38> 

A  fractional  factorial  response  surface  attempts  to  map 
the  entire  response  surface  of  systems  wittf  a  small  number  o 
factors.  Using  least  squares  regression  analysis  to  fit  a 
response  surface  to  a  fractional  factorial  design  will  insur 
the  minimization  of  the  sum  of  squared  deviations  of  the 
observed  responses  from  the  predicted  responses.  The  great 
advantage  of  this  type  of  analysis  is  th-t  . t  reduces  a  1 ar g 
model  response  to  a  single  equation,  programmable  on  a  hand 
calculator,  whose  maximum  error  is  minimized  to  the  va’ue  of 


the  maximum  bias  estimator  returned  by  the  regression, 
a  proper  design,  we  are  guaranteed  independence  of 
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coefficients  due  to  or thogonai i ty .  Ther  e-fore,  two 
alternative  parametric  changes  may  be  directly  compared,  and 
i  -f  the  response  o-f  one,  minus  possible  maximum  error,  is 
greater  than  the  response  o-f  the  second  alternative  plus 
maximum  possible  error,  then  it  can  be  said  categor i cal ' y 
that  alternative  one  dominates  alternative  two.  This  assumes 
both  the  alternative  sets  were  entirely  within  the  bounds  o-f 
the  calculated  response  surface. 

A  similar  approach  using  a  -fractional  -factorial  design 
could  be  achieved  to  investigate  the  entire  goal  subset, 
assuming  that  goal  achievement  levels  were  continuous. 
However,  since  the  goals  would  still  be  incommensurable, 
presumably  lexicographic,  and  probably  nonseparabl e  <\ . e . , 
the  achievement  o-f  one  goal  would  enhance,  in  seme  way, 
another,  thereby  providing  a  non-singular  moment  matrix), 
some  method  must  first  be  developed  to  either  partition  and 
normalize  the  separate  goals,  or  to  meld  several  response 
surfaces  to  a  single  response.  Research  work  to  maximize  a 
response  defined  by  a  response  surface  subject  to  a 
constraint  from  another  response  surface  is  currently  in 
progress  <Ref  39). 

The  problem  of  this  research  is  to  develop  a  me tnooo : oc> 
which  allows  joint  optimization  of  the  attributes  of  combat 
power  and  airlift  resources,  subject  to  numerous  cons  tr  a  t  s , 
and  a  system  to  reflect  advantages  in  deployed  cower  causer 


by  an  incremental  change  in  airlift  resources.  The  use  of 
sequential  goal  programming  to  reflect  the  impact  of  mu  1 t ; p 1 
goal  requirements  on  an  inter  theater-intratheater 
mobility/force  model  will  allow  optimization  of  the  response 
A  flexible  response  surface  built  on  the  reactions  of  the 
model  to  parametric  changes  in  airlift  resources  will  not 
only  provide  a  sensitivity  analysis  of  the  response,  but  a. 
direct  analytical  estimate  of  the  relative  worth  of  airlift 
resources  and  trade-off  points  between  competing  systems 
under  the  given  scenario.  Both  the  optimization  process  and 
the  response  surface  will  demonstrated. 
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The  problem  is  s i mp 1 y  defined  as  how  to  construct  an 
analytical  model  which  incorporates  strategic  mobility, 
intratheater  mobility,  logistics  -factors,  and  the  elements 
combat  power.  In  general,  the  more  combat  power  an  Army  un 
has,  the  more  it  conflicts  with  the  strategic  mobility 
requ i remen  ts . 

Each  of  the  four  factors  related  here  are  made  up  of  a 
number  of  elements.  This  chapter  describes  the  underlying 
assumptions  of  the  model.  Additionally,  model  parameters  a 
identified.  Those  which  are  not  self-explanatory  are 
described  in  detail. 


Strategic  Mobility 

The  factors  which  comprise  strategic  mobility  have  bee 
intensely  investigated.  Huge  models  and  simulations  such  a 
the  MAC  M-14  simulation  model  incorporate  spares,  wingt'p 
clearance  on  parking  ramps,  mechanic  and  crew  availability, 
and  a  host  of  other  elements  <Ref  26).  Other  models, 
primarily  concerned  with  loading  such  as  the  Aircraft  Loace 
Model,  use  allowable  cabin  loads  for  aircraft,  exact 
dimensions  of  equipment,  stacking  heights,  and  many  other 
pieces  of  data  input  <Ref  33:17).  The  critical  elements  of 
strategic  mobility  were  delineated  by  Major  James  Crum.  ’  ev  i 


research  submitted  to  the  Air  Corr:mand  and  Staff 


e  oe  i 


May  1930  in  partial  fulfillment  of  graduation  requirements 
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He  determined  that  aircraft  size  could  be  described  in  three 
terms:  outsize  capable,  oversize  capable,  or  bulk  capab’e 
(Ref  12:3).  Aircraft  could  also  be  described  as  airdrop 
capable  and/or  short  field  capable  (for  direct  delivery/. 

The  problems  of  crew  availability,  spares,  and 
maintenance  per  flight  hour  are  described  as  subsumed  into 
the  UTE  (Utilization)  Rate,  which  is  a  "planning  concept  that 
reduces  airplane  operating  rates,  on  a  system-wide  basis,  to 
a  single  figure  expressed  in  daily  flying  hours"  (Ref  5:?'?). 
UTE  Rates  are  mission-oriented  so  that  i n t r a the  a ter  UTE  rates 
are  generally  less  than  inter  theater  UTE  Rates  for  the  same 
a i rcraf  t . 

At  the  cargo  handling  ends  of  the  flight  route,  critical 
elements  deal  with  the  port  capabilities.  Loading  and 
unloading  an  aircraft  takes  a  finite  amount  of  time  for 
gr ound-de 1 i ver ed  cargo,  so  that  "turn"  times  for  aircraft  are 
important.  Because  most  airfields  are  limited  in  parking 
ramp  space,  this  turn  time  has  a  direct  impact  on  the  sortie 
generation  rate  of  the  airfield.  The  unloading  and  turn  time 
are  affected  by  the  material  handling  equipment  and  handling 
personnel  available  at  the  port  (Ref  1 2 : 21 ; 36 : 21 > . 

"Shortages  in  any  of  these  areas,  as  well  as  even  short-term 
■j  i  str  i  bu  t  i  on  problems,  can  lengthen  ground  time  and  reduce 
flying  hour  capability"  (Ref  12:21).  Because  of  the  parking 
1  imitation,  the  limitations  imposed  by  the  material  hand  i  r.  g 
equipment  and  personnel  availability  form  an  absolute' 


constraint  on  the  number  o f  cargo  sorties  throughput  by  the 
air-field. 


The  strategic  mobility  mission,  then,  can  be  described 
by  a  series  of  factors.  The  outsize,  oversize  and  bulk  ca-go 
delivered  are  a  function  of  the  number  of  aircraft  flying 
missions  and  their  respective  outsize,  oversize,  and  bulk 
cargo  limitations.  The  number  of  m i ss i on-capabl e  strategic 
airlifters  is  a  function  of  the  number  of  aircraft  of  all 
types  available  at  any  time,  the  UTE  rate  for  those  aircraft, 
and  the  distance  in  flying  hours  from  loading  to  unloading 
the  cargo.  The  number  of  missions  acceptable  at  the  airfield 
is  a  function  of  the  airfield  parking  space  and  the  turn  time 
for  the  aircraft.  The  turn  time  for  the  aircraft  is  a 
function  of  the  material  handling  equipment  and  personnel 
available,  with  a  prede term i ned  minimum  (optimmal)  ground 
time. 

The  strategic  mobility  of  direct  delivery  aircraft  is 
not  limited  by  available  APOD  space.  Since  there  are  in 
general  far  more  airfields  capable  of  receiving  direct 
delivery  capable  aircraft  than  there  are  strategic  airlifter 
capable  airfields  <Ref  1:5-13),  the  parking  and  turnaround 
constraint  is  basically  unlimited. 

Intratheater  Mobility 

Intratheater  mobility  by  air  is  represented  by  the  same 
factors  as  the  intertheater  mobility  airlift.  However, 
intratheater  mobility  can  also  be  accomplished  by  means  c* 


ground  transportation.  Units  capable  of  se 1 f -movemen t  can 
move  by  ground,  if  required,  to  the  location  of  employment 
from  the  APOD.  I  terns  or  units  not  capable  of  se 1 f -movemen t 
must  be  mowed  by  external  intratheater  transport.  For  tne 
wholly  military  scenario,  this  devolves  to  moving  by 
intratheater  aircraft  or  transpor tat i on  units,  or  both. 

Intratheater  aircraft,  while  not  limited  at  the  delivery 
end,  conflict  at  the  APOD  with  strategic  aircraft  for  the 
resources  of  parking  space,  material  handling  equipment,  and 
service  personnel.  Transportation  < truck)  units  do  not 
compete  for  these  resources,  but  they  and  their  fuel  must 
first  be  delivered  to  the  theater. 


point  they  require  logistical  assistance  from  intratheater 
mobility  assets,  or  direct  delivery  of  their  supplies. 

Another  aspect  of  logistics  is  the  "tag-alon'g"  service 
support  or  combat  service  support  to  combat  units  ratio. 
Doctrinal  ly,  American  units  move  with  a  given  "  tooth -to-t  a  :  1  11 
ratio,  with  each  combat  unit  being  supported  by  a  given  force 
of  Headquarters,  supply,  and  service/maintenance  personnel. 
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Presently,  logistics  models  assume  a  "straight  slice  of  the 
pie"  -for  each  sub-element  of  a  larger  element,  which 
reasonably  approximates  the  modern  "task-organised"  combat 
force  readied  for  deployment.  This  model,  when  possible, 
will  follow  this  approximation. 


Deployable  Unit  Attributes 

The  assignment  of  a  value  of  " combat  power"  is  a 
valuation  which  is  only  useful  as  a  general  approximation  of 
worth,  and  changes  with  the  environment  and  the  objective 
<Ref  23).  Therefore,  not  only  does  the  broad  valuation  o- 
combat  power  need  to  be  reflected,  but  also  several  of  the 
specific  attributes  which  contribute  to  this  value. 

Some  of  the  more  separable  elements  of  combat  power  are 
the  anti-tank  capabilities  of  the  given  unit  and  the  unit's 
ability  to  hold  and  defend  a  linear  portion  of  terrain 
against  attack.  The  anti-tank  capabilities  can  be  expressed 
as  a  function  of  the  number  and  type  of  anti-tank  weapons 
systems  in  the  unit,  and  the  defensive  capability  can  be 
assumed  as  the  unit's  doctrinally  assigned  defensive 
frontage.  A  third  "specific"  measure  of  combat  capability  is 
a  unit's  firepower,  which  can  be  approximated  by  the  tons  of 
ammunition  per  day  it  consumes. 

Deployable  units  can  also  possess  several  other  critical 
attributes.  Fighter  aircraft,  deployed  at  the  APOD,  conflict 
with  transport  aircraft  for  parking  space.  Airl;ft  Control 
Elements,  once  deployed  <ALCE) ,  enhance  the  capability  to 
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unload,  service,  and  turn  airlift  aircraft.  Transportation 
assets  such  as  medium  truck  companies  or  helicopter  groups 
are  capable  of  moving  many  ton-miles  of  logistical  supplies, 
freeing  air  transport  from  the  intertheater  role.  However, 
all  these  conflict  with  the  primary  goal  of  moving  combat 
units,  because  the  last  two  types  have  no  combat  power,  and 
tactical  aircraft  cannot  hold  ground. 

The  deployable  units  possess  attributes  which  act  to 
minimize  their  deployment  and  lead  to  goal  conflicts.  These 
are  their  attendant  outsize,  oversize,  and  bulk  cargo 
shipment  r equ i remen ts ,  their  supply  needs  once  deployed,  and 
ancillary  support  units  which  must  be  moved  in  some 
proportion  to  the  combat  units.  There  are  also  doctrinal 
restrictions  on  the  employment  of  units  in  greater  than 
certain  ratios  to  other  units,  such  as  combat  support  to 
combat  uni ts . 

Scenario  Bounds 

Each  separate  scenario  is  likely  to  have  a  discrete 
solution.  The  elements  which  would  change  the  solution,  even 
given  constant  valuations  for  all  the  above  parameters,  are 
distances,  time  periods,  and  changing  values  over  time. 

Critical  distances  to  be  expressed  are  the  distance  to 
be  flown  from  the  staging  base  to  the  APOD  and  the  distance 
to  be  flown  from  the  APOD  to  the  front.  These  distances 
affect  the  number  of  missions  capable  of  being  flown,  given 
an  average  speed  of  the  aircraft.  The  distance  from  the  APOD 
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to  the  -front  is  particularly  critical,  since  ground  combat 
units  delivered  to  the  APOD  do  not  contribute  to  the  measure 
o-f  deployed  combat  power  until  they  are  capable  of  being 
utilized  -for  combat.  Also,  a  large  distance  between  these 
two  critical  areas  is  likely  to  put  a  high  premium  on 
a i r-de 1 i ver ed  logistical  supplies,  whereas  -for  short 
distances  -from  the  APOD,  trucks  would  be  -favored. 

The  time  period  o-f  interest  is  also  o-f  critical 
importance.  Obviously,  a  one -day  response  to  a  problem  area 
will  drive  surge  rates  of  aircraft  arc  put  no  valuation  on 
logistics  tr anspor t at i on  units.  However,  a  twenty-day 
response  can  be  expected  to  value  a  high  average  rate  of 
aircraft  movement  and  will  deploy  ALOE  units  early  in  order 
to  capitalize  on  their  accruing  advantages. 

The  last  external  influence  which  changes  the  response 
of  the  other  elements  is  the  changing  values  of  force  over 
time.  A  Congress i onal 1 y  Mandated  Mobility  Study  <CMMS>  has 
quantified  the  intuitive  analysis  that  a  reasonably  sized 
force  early  is  worth  more  than  a  large  force  ’a ter.  This 
relationship  is  not  a  straight  line  curve,  and  is  in  fact 
likely  to  change  from  one  pol i t i cal /m i 1 i tar y  situation  to 
another.  On  a  very  long  term  or  non-critical  basis,  force 
value  from  day  to  day  might  approximate  a  constant  value, 
such  as  in  a  Re forger  exercise.  For  other  situations,  the 
value  curve  of  the  unit  over  time  should  be  elicited  from 
decision  makers  before  attempting  to  optimize  delivery  of 
forces,  using  surrogate  worth  trade-off  measures. 
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Input  Parameters 

The  input  parameters  will  be  broken  into  three 
sections  -  those  dealing  with  aircra-ft  which  describe  the 
aircraft  capabilities  and  limitations,  those  related  to 
deployable  units  available  to  the  planner,  and  those  which 
bound  and  -formulate  the  scenario. 

For  a  generalized  model,  each  aircra-ft  is  described  by 
its  capability  -for  every  mission  and  cargo.  This  allows 
rapid  re-finement  of  the  model  to  express  additional 
capabilities  of  specific  aircraft,  instead  of  requiring  a 
re-expr ess i on  of  the  entire  model.  Required  input  parameters 
for  aircraft  are  summarized  in  Table  1. 

Deployable  units  are  likewise  each  described  for  all 
attributes,  although  some  interactions  may  be  zero. 

Deployable  units  are  also  subdivided  into  five  classes  of 
uni ts : 

1.  Those  which  engage  in  ground  combat  and  can  be 
airborne  delivered. 

2.  Those  which  engage  in  ground  combat  and  cannot  be 
airborne  delivered. 

3.  Those  which  are  tactical  fighter  units  and  compete 
at  the  APOD  for  parking  space. 

4.  ALC'E  units  which  possess  material  handling  equipment 
and  personnel,  which  result  in  a  quantifiable  improvement  in 
airfield  sortie  generation  rates. 

5.  Tr an sp or  tat i on  units  which  move  supplies  between  the 
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APOD  and  the  -front. 

Other  required  input  paramters,  such  as  combat  power,  AT 
strength  and  front  line  trace  capability,  can  be  subjectively 
assessed  by  means  of  a  Delphi  closure  or  can  be  analytically- 
expressed  as  some  function  of  the  weapons  systems  assigned  to 
the  unit. 

A  summary  of  required  input  parameters  for  deployable 
units  is  expressed  in  Table  2. 

The  third  set  of  parameters  is  the  set  which  makes  the 
solution  set  specific  to  the  scenario.  This  set  is 
summarized  in  Table  3. 

These  input  parameters  will  be  used  by  the  model  to 
delineate  the  interrelationships  of  developing  force 
projection,  strategic  mobility,  intratheater  mobility,  and 
logistical  resupply  through  or  over  an  APOD  to  a  deployed 
destination. 


AIRCRAFT  INPUT  PARAMETERS 
(for  each  aircraft) 

outsize  cargo  tonnage  capability 

oversize  cargo  tonnage  capability 

bulk  cargo  tonnage  capability 

number  of  personnel  moved  with  outsize  cargo 

number  of  personnel  moved  with  oversize  cargo 

number  of  personnel  moved  with  bulk  cargo 

number  of  personnel  moved  with  no  other  cargo 

Block  speed  of  aircraft 

UTE  rate  on  intertheater  mission  to  an  APOD 

UTE  rate  on  intertheater  mission  to  direct  delivery 
(forward  airfield) 

UTE  rate  on  intertheater  mission  to  airdrop 

UTE  rate  on  intratheater  mission 

Ground  time  for  aircraft  on  each  mission 

Availability  rate  for  aircraft  type  (fleetwide) 

Attrition  factor  for  aircraft  on  each  type  of  mission 

Material  Handling  Equipment  (MHE)  needed  to  service  aircraft 
(pallets) 


Table  I.  Aircraft  Input  Parameters 


UNIT  INPUT  PARAMETERS 
(for  each  unit) 

outsize  tonnage 
oversize  tonnage 
bulk  tonnage 
number  of  personnel 
Defensive  frontage 
Anti-tank  strength 
Combat  power 
Supply  consumption  rate 

Number  of  pallets  unloaded  per  day  by  the  unit 

Airborne  capability 

Number  of  this  type  unit  available 

Ton-mile  lift  capability 

Movement  speed,  nautical  miles/day,  for  scenario 
Unit  designation  as  combat/combat  support/other 
%  of  APOD  space  any  aircraft  in  the  unit  will  occupy 

Table  II.  Unit  input  parameters. 


SCENARIO  PARAMETERS 


1 .  Airfield 

Number  of  each  type  aircraft  which  would  capacitate  the 
park  space  of  the  airfield. 

Material  Handling  Equipment  (MHE)  prepositioned  at 
airfield  in  terms  of  1000  pallets  per  day  capability. 

2.  Distances 

Distance  between  the  U.S.  and  the  APOD  (DUSAPD). 

Distance  between  the  APOD  and  the  front  area  (DAPDFT). 

3.  Decay  curve  for  Timliness  versus  Response,  portraying  the 
advantages  of  quickly  closing  forces  to  the  deployable  area 
in  terms  of  a  combat  power  multiplier. 


Table  III.  Scenario  input  parameters. 
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This  chapter  shows  the  development  and  construction  or 
the  goal  constraints  which  form  the  ordered  set  of  objective 
•functions.  Three  of  the  developed  -force  parameters  are  time 
insensitive,  but  one,  force  projection  of  combat  power,  is 
non-li nearly  variant  with  time.  The  coefficients  and 
interactions  over  time  of  the  goals  are  explicitly  defined, 
and  the  state  constraints  which  make  the  goal  constraints 
competitive  are  developed  for  the  generalized  case  from 
singular  expressions. 

Var i ab 1 e  o ar ame  ters  an  d  f  ac tors 

Since  this  chapter  is  primarily  concerned  with  the 
mathematical  development  of  the  proposed  model,  it  is 
essential  to  begin  with  a  common  basis  for  variables, 
subscripts,  and  multipliers  used  throughout  the  equations. 
These  are  summer i zed  here : 

t/'ar  i  ab  1  es  used : 

X i , j , k , d :  where  the  variable  takes  on  values  depicting 
the  number  of  delivered  plane  loads. 

ljy,m,d:  where  the  variable  takes  on  values  depicting  th 
number  of  units  deployed. 

Rd:  the  desired  response  or  goal ,  by  day  d. 

Ha:  handl  i  no  capabi  1  i  ty  of  the  APOD  for  pal  1  ets  =\-  =-‘ 
or e-dep 1 ovmen t .  Hf  is  analogous  at  the  forward  a  rf ; os. 


<  F*4 


Period:  a  defined  period  over  which  the  UTE  rare 


app 1  i cabl e  . 


Sd:  representing  supplies  transhipped  on  day  d  t 


APOD  -forward. 


My:  the  movement  time  taken  by  a  unit  to  move  f? 
APOD  to  the  -front  by  ground  transport. 


Subscripts  used: 


a:  the  APOD 


Cy:  representing  a  combat  unit  or  combat  supper- 1 
multipl  i  er  ,  combat  type  y  units  have  a  Cy  of"  1,  nonce 
type  y  units  have  a  Cy  of  -1. 

d:  representing  days  in  the  deployment  phase,  d 


values  from  1  to  D,  the  total  number  of  da; 


the  a 


deployment  before  seapower  linkup. 

f:  the  field,  or  non-APOD  airports  closer  to  the 
i:  representing  the  i th  type  of  plane,  i  takes  o 
from  1  to  I ,  the  total  number  of  types  of  airs’ anes. 

j:  representing  the  j th  type  of  mission,  j  takes 
from  1  to  J,  the  tot-al  number  of  mission  types. 

k:  representing  the  k  th  type  of  cargo,  k  takes  o 
from  1  to  K,  the  total  number  of  types  of  cargo. 

m:  representing  the  mode  of  del i very ,  where  m  t a 
values  from  1  to  M. 

y :  representing  the  y th  type  of  unit,  y  takes  on 
from  1  to  Y.  the  total  number  of  types  of  units. 


Multipliers  used : 

ai,ks  giving  the  cargo  capacity  of  the  i  th  aircraft  type 
carrying  K  type  cargo. 

£y,V.i  giving  the  tonnage  to  move  o-f  the  yth  type  unit  in 
k  type  tonnage. 

Yy  t  giving  the  number  o-f  -fighter  planes  assigned  to  unit 
type  y  in  terms  o-f  the  percentage  o-f  the  aPQD  they  occupy. 

0y:  giving  the  -front  line  trace  capability  o-f  unit  type 
y  to  defend,  in  kms. 

c  u ,  k :  standardization  -factor  -for  MHE  needed  to  unload 
plane  type  i  with  cargo  type  k. 

\y:  giving  the  -firepower  (or  steady  statecombat  po we-) 
o-f  type  y  units. 

#y:  giving  the  anti-tank  power  o-f  unit  type  y,  expressed 
in  equivalent  TCWs. 

toy:  giving  the  supply  consumption  rate  for  unit  type  y . 

Sy:  giving  the  ton-mile  capability  for  lift  of  supplies 
for  unit  type  y . 

Ty:  the  limiting  number  of  units  of  type  y  available. 

fly:  the  airborne  capability  of  the  yth  unit.  This  is  a 
8-i  factor. 

Yy:  the  number  of  pallets  that  a  unit  of  type  y  can 
unload  at  the  APOD  in  a  day,  in  addition  to  previous  APOD 
capabi 1 i t i es . 

<7y:  giving  the  speed  of  the  yth  tvpe  unit. 

<7  i  :  the  block  speed  of  the  i  th  type  plane. 

*vM  :  the  average  avai  labi  1  i  ty  rate  of  pi  ane  type  • 


ti,j:  giving  the  ground  time  -for  ai  rcra+t  type  i  on 
mission  type  j . 

Zi,j:  giving  the  attrition  factor  -for  loss  rate  of 
aircraft  type  i  on  mission  type  j. 

Numi :  the  number  of  planes  of  type  i  in  the  model . 

PRKi :  the  number  of  planes  of  type  i  which  can  park  at 
the  APOD,  if  the  APOD  was  solely  devoted  to  that  type  of 
plane. 

Intense(d):  a  factor  which  scales  the  model  basis  of 
required  supply  to  another  supply  usage  factor.  Its 
dependence  on  the  d  day  reflects  that  this  seal ing  can  chang 
over  time. 

vd:  giving  the  multiplier  effect  for  arrival  at  the 
front  on  day  d. 

UTEi,j:  the  UTE  rate  of  aircraft  type  i  on  mission  type 

j  » 

DAPDFT :  the  Distance  between  the  APOD  and  the  £ror~. 

DUSAPD :  the  Distance  between  the  US  and  the  APOD . 

The  repetitious  use  of  these  symbols  will  greatly 
enhance  the  reader's  ease  in  understanding  the  model . 

For  the  implementation  of  this  model  in  the  thesis,  the 
following  ranges  were  allowed  for  the  subscripts: 

i:  from  1  to  6.  1=C5A,  2=017,  3=01 41 , 4=CPAF  (cargo  foe 
0747),  5=CRAF  (passenger  type  0747),  6=C13SH. 

j:  from  1  to  4.  l=Delivery  to  the  APOD,  2=Direct 


delivery  to  the  -front  area,  3=Aipborne  delivery, 

4=1 n tratheater  transhipment. 

k:  -from  1  to  5.  l=outsize  cargo  tonnage,  2=oversize 
cargo  tonnage,  3=bu1k  cargo  tonnage,  4=personnel,  5=supplies 
(considered  to  be  bulk-sized). 

d:  from  1  to  20.  This  is  considering  that  after  D+2@, 
shipborne  cargo  becomes  a  factor  and  this  model,  as  is,  is  no 
longer  valid. 

m:  from  1  to  2.  l=delivered  to  the  deployable  area,  with 
minimal  travel  time  required.  2=delivered  to  the  APOD,  travel 
time  dependent  on  distance  to  the  front  and  unit  speed. 

y:  from  1  to  3.  l=Air borne  units  of  the  82nd  Airborne 
Division.  2= HQ  units  for  the  Brigades  of  the  82nd.  3=A  i  r 
Assault*  units  of  the  101st  Airmobile  Division.  4=Artil!ery 
units  of  XU 1 1 1  Airborne  Corps  Artillery  (155mm). 

5=Mechanized  battalion  Task  Forces  <2mech,  larmor)  of  the 
24th  Mechanized  Division.  6=F1 6  Fighter  Squadrons  (18  UE)  . 

7=A i r 1 i f  t  Control  Elements  (ALCE)  of  the  U.S.  Air  For:e. 
8=Medium  Truck  Companies  of  the  XVIII  Airborne  Corps  Support 
Command  (COSCOM). 

Goal  s 

If  all  the  combat  attributes  of  a  force  were  mutual  ly¬ 
re  inforcing,  there  would  be  no  choice  problem  for  the 
strategic  planner  -  the  more  units  delivered,  the  better  the 
results.  Unfortunately,  such  is  not  the  case.  Units  which 
can  project  a  great  deal  of  combat  power  in  one  area,  suer  as 


aircraft  squadrons,  usually  have  little  worth  tor  equally 
important  missions,  such  as  holding  terrain.  Any  scenario 
usually  requires  two  or  more  types,  or  attributes,  c-f  combat 
power,  as  we  1 1  as  the  requirement  to  react  quickly.  The 
objective  of  this  program  methodology  is  to  develop  a  plan 
which: 

1.  meets  all  the  requ i remen ts  or  specified  goals  based 
on  force  attributes. 

2.  after  meeting  these  goals,  attempts  to  maximize 
specific  force  attributes  towards  a  specified  limit  or  as  far 
as  poss i bl e . 

Since  the  achievement  of  all  the  minimum  goals  is  very 
much  more  desired  than  maximization  of  any  one  aspect  of 
combat  power,  and  since  these  minimum  goals  can  themselves  be 
ordered,  iterative  sequential  goal  pr ogramm i ng  is 
appropr i ate . 

Goal  programming  notation  represents  each  equation  as  an 
equality,  and  any  surplus  results  in  a  surplus  variable  p, 
whereas  any  under ach i evemen t  results  in  a  slack  variable  n  in 
the  equation.  Therefore,  the  equation: 

[y>4]  would  be  rewritten  to  y-4>0 

and  then  to  y-4-p=S 

A  similar  solution  can  be  attained  for  equations  of  the  less 
than  or  equal  to  form,  such  that 

y<4 

become  s 


y-4+n=0 


This  convention  will  be  -followed  throughout  this  chapter. 

The  variables  chosen  to  reflect  aspects  of  combat  power 
are  defensive  frontage  (front  line  trace  or  FLT) ,  anti-tank 
(AT)  capab i 1 i ty ,  and  firepower.  These  variables  do  not 
change  with  time;  a  unit's  capability  remains  the  same 
regardless  of  deployment  time.  The  variable  which  does 
change  with  time  is  combat  power,  or  potential  force,  of  the 
deployed  unit.  This  is  the  perceived  potential,  to  implement 
the  concept  that  a  small  force  in  the  right  place  can  be  up 
to  four  to  six  times  as  effective  as  the  same  size  force 
later,  which  was  a  finding  of  the  19S1  Congress i onal i y 
Mandated  Mobility  Study  (Ref  27s 30).  Using  this  fact,  we  can 
formu late  that 
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|  This  shows  that,  over  the  period  d,  the  sum  of  all  the 

unit  capabilities  in  the  particular  attribute  or  6  of  all 
units  closed  to  the  combat  area  should  equal  or  exceed  the 
desired  capability.  The  concept  of  "closed  to  the  combat 
area"  is  an  important  one,  because  these  specific  attributes 
are  of  no  use  to  the  ground  commander  unless  they  can  be 
employed.  These  specific  attributes  are  then  distance  and 
speed  dependent:  the  distance  they  need  to  travel  between  the 
APOD  and  the  combat  area  divided  by  their  daily  movement 

f 

[  speed  gives  the  time  they  need  to  move  to  the  combat  area 

after  delivery  to  the  theater.  A  unit  in  theater  on  the 
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limiting  day  but  not  available  -for  employment  wouldn't  count. 
This  adds  to  the  value  of  direct  delivery,  especially  in 
areas  where  major  air-fields  are  scarce. 


Using  the  subscript  m  for  mode  of  delivery,  with  m=l 
being  directly  delivered  units  and  m=2  being  units  delivered 


to  the  APOD,  we  have,  defining 


P/1P0FT 


=  My,  with  d-My 


equal  to  the  nearest  non-negative  integer, 


Y  «T 


for  the  anti-tank  capability  response  on  any  cay  d' . 

A  typical  goal  would  be  verbally  expressed  as  a  need  for 
the  capability  to  hold  ten  kilometers  of  front  line  trace  by 
D  +  5,  and  this  could  be  formulated 

Y 

Gr  +  Jr 

In  this  simple  illustration  it  is  evident  that  a' 1  units 
directly  delivered  to  the  combat  area  would  be  available  to 
hold  combat  frontage,  as  well  as  all  units  delivered  to  the 
APOD  which  could  move  to  the  combat  area  by  D  *  5.  However, 
units  arriving  at  the  APOD  on  day  D  +  4  would  not  be  useful 
to  satisfy  this  goal  if  they  took  two  days  to  deploy  forward. 

Because  1  ex i cograph i c  goal  programming  is  an  extended 
linear  program,  it  will  attempt  to  satisfy  one  goal  at  a 
time,  and  if  the  stated  goal  is  underachieved  (it  cannot  be 
achieved  within  the  time  period  given),  a  goal  program  w , ! 1 
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move  to  the  next  goal  without  prejudice.  That  is, 
under ach i evemen t  of  a  high  order  goal  does  not  preclude 
satisfaction  o-f  a  lower  order  goal.  Therefore  ,  a  goal 
programming  model  should  reiterate  force  goals  across  a  band 
of  days,  on  the  presumption,  that,  if  the  goal  is  impossible 
to  achieve  as  stated,  it  still  needs  to  be  filled  before 
other  goals.  In  the  example  above,  this  can  be  done  by 
Keeping  the  goal  level  of  ten  kilometers  of  front  lire  trace 
constant  and  allowing  the  period  to  expand  to  six,  seven,  and 
eight  days.  This  will  require  an  additional  three  goals  to 
ensure  1  ex i cograph i c  preemption  of  other  goals  until  this 
goal  is  fully  attained.  In  this  circumstance,  if  the  model 
cannot  deploy  sufficient  units  to  defend  the  frontage  by  day 
five,  it  will  attempt  again  to  do  so  on  subsequent  days.  The 
effect  of  additional  goals  is  only  on  computer  run  time;  the 
additional  goals  are  redundant  once  the  goal  objective  has 
been  met. 

The  mathematical  goal  formulation  of  the  time  dependent 
variable  of  combat  power  is  similar.  The  actual  effect  of 
response  times  on  perceived  combat  power  must  :?  est 'mated, 
either  by  elicited  responses  from  scenario  area  experts  or 
from  known  curves  generated  by  simulations.  These  curve*  a_e 
typically  curvilinear  with  rising  decay  over  time.  For  each 
day  of  deployment,  a  multiplier  can  be  estimated  from  this 
curve,  and  incorporated  into  our  model.  Thus 
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is  a  valid  expression  -for  our  model.  This  term  allows  a  unit 
with  an  arbitrary  combat  power  of  four,  delivered  on  day 
four,  to  be  worth  less  than  two  units  worth  a  value  of  two, 
delivered  on  day  three. 

With  the  great  concern  for  short-term  combat  power 
deployment,  a  natural  response  would  be  to  repeatedly 
maximize  the  goal  of  deployed  combat  power  for  successive 
days.  However,  the  .1  ex  i  cograph  i  c  ordering  of  goals  for  days 
1,  2,  3,  4... would  result  in  an  optimal  response  for  day  1, 
an  optimal  response  for  day  2  given  day  1  occurrences,  and  so 
forth.  This  is  not  necessarily  optimal.  An  end  case  can  be 
shown  which  is  obviously  suboptimal  -  a  successive 
maximization  of  combat  power  only,  which  rapidly  results  in 
an  APOD  converted  to  a  fighter-bomber  base  and  only 
marginally  capable  of  receiving  more  deployed  units.  This 
case  may  be  an  optimal  response  for  the  first  few  days,  but 
for  a  deployment  period  of  twenty  days  it  is  not  a  preferred 
response.  For  this  situation,  a  weighted  response  wil1  best 
suit  the  uses  of  the  model,  showing  an  equal  or  varied 
valuation  of  the  ability  to  develop  combat  power  over  mo-* 
than  one  time  period.  These  objectives  are  competitive 
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because  they  are  each  to  be  optimized  per  se ,  so  that  they 
restrain  each  other  over  a  limited  alternative  set  (Ref 
49:322).  By  maKing  goals  members  of  the  same  goal  set,  an 
efficient  solution  is  obtained  which  avoids  the  problem  of 
subop  t i mal  i ty . 


Bound i no  Constraints 

The  constraint  set  developed  here  acts  to  constrain  the 
levels  of  potential  goal  achievement.  The  factors  which 
impact  on  goal  achievement  have  already  been  described  in 
Chapter  I(J,  and  this  section  will  formulate  them  into 
mathematical  expressions. 


Aircraft  Limitations;  The  first  set  of  constraints  on 
strategic  deployment  relate  to  aircraft.  There  are  two  types 
of  constraining  factors,  those  dealing  with  aircraft 
availability,  and  those  dealing  with  the  fleetwide  average 
utilization  rate.  They  will  be  handled  in  turn. 

1.  This  set  of  constraints  bounds  aircraft  SORTIES;  by 
the  number  of  available  airframes.  It  is  assumed  that  a 
single  aircraft  can  make  1  intertheater  round  trip  and  be 
prepared  for  a  second  one  every  i.5  days,  but  could  ma-e  5 
intratheater  trips  every  day  <at  maximum  surge  turn  rate). 
Similarly,  the  number  of  possible  intratheater  round  t~.ps  is 
limited  to  five  times  the  total  airframes  available.  Then 
for  day  I : 
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Thus,  i  f  al!  type  (I)  aircraft  began  an  inter  theater  rour.c 
trip,  the  number  of  sorties  would  be  1  i  mi  ted  by  the  number 
of  available  aircraft.  For  day  2: 
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showing  that,  on  the  average,  half  the  planes  which  flew 
intertheater  missions  on  day  1  wj?re  not  ready  to  fly  in 
support  of  day  2.  This  series  is  general ized  for  day  dy  tan 
intermediate  point  between  d=l  and  D>  to 
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When  the  effects  of  attrition  (mission  specific)  a*-e 
incorporated,  it  serves  to  reduce  the  number  of  planes  in  the 
fleet,  for  a  given  multiplier  (loss  rate)  times  the  number  c-!1 
missions  of  that  type  flown.  Therefore, 
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This  set  of  constraints  results  in  one  equation  for  each  type 
aircraft  for  each  day  d,  or  a  total  of  I *D  constraints. 

2.  This  set  of  constraints  bounds  aircraft  sort.es  by 
the  fleetwide  expected  utilization  (UTE)  rate.  The  computed 
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parameter  for  this  set  of  equations  standardizes  the 
different  utilization  rates  for  different  missions  into 
expression  in  a  single  utilization  rate.  Since  nearlv  a. 
aircraft  considered  are  capable  of  i n ter  theater  airlift 
APOD,  we  can  use  this  expression  as  a  baseline. 

The  utilization  rate  gives  the  fleetwide  average  fo 
flying  hours  per  day  per  aircraft.  Thus,  for  three  a  ire 
a  UTE  Rate  of  four  can  be  achieved  with  one  aircraft  * ’ y 
twelve  hours  per  day  or  all  three  aircraft  flying  four  h 
per  day,  or  any  linear  combination  of  these.  The  utiliz 
rate  is  generated  over  a  finite  period  of  time,  su cn  the. 
surges  and  recoveries  average  to  a  rough  constant.  The 
Rate,  therefore,  can  be  manipulated  to  give  the  expected 
number  of  available  flying  hours  within  a  given  time  per 
From  these  flying  hours,  knowing  the  distance  traveled  a 
the  aircraft  block  speed,  it  is  possible  to  calculate  tn 
number  of  loaded  sorties  of  which  the  aircraft  fleet  is 
capable  during  the  time  period  for  the  given  mission. 

Expressed  mathematically,  this  is 

Period  *  ■"  *  cm  / C  Z  *  tviflPD) 

The  factor  2  is  included  because  each  aircraft  must  fly 
ways,  but  the  return  trip  doesn't  del iver  to  the  deploym 
theater . 

The  period  times  the  utilization  rate  for  t1-?  miss! 
times  the  number  of  airframes  gives  the  total  n um.be r  o- 
flying  hours  available.  Twice  the  distance  ^or  the  miss 
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divided  by  the  block  speed,  gives  the  flying  t 
to  generate  a  loaded  sortie.  This  number  hours  divid 
into  the  flying  hours  available  gives  the  numrer-  of  sort 
available  during  the  time  period. 

To  convert  aircraft  of  the  same  type  flying  other- 
missions  to  an  equivalent  number  of  sorties  for  this  mis 


a  simple  ratio  change  is  required.  The  effective  flying 
hours  available  are  expressed  by  <  which,  since 

t-».j 


U.S.  to  APOD  mission  usually  has  the  highest  UTE  Pate,  t 


to  make  each  other  type  of  sortie  more  costly.  However, 
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ratio  DUS  A  PD  roust  also  be  incorporated,  and,  for  the 

large  change  between  in  ter  theater  and  intratheater  dista 
this  more  than  counterbalances  the  other  ratio,  which  sh 
lot  more  sorties  are  available  in  the  intratheater  mode 
versus  the  intertheater  mode,  using  strictly  flying  hour 
This  is  exactly  as  expected.  However,  where  the  di stare 
are  roughly  equivalent,  such  as  a  direct  delivery,  and  t 
UTE  rates  for  the  same  aircraft  in  the  two  missions  is  r, 
(because  of  sparse  facilities  or  other  reason  such  as 
increased  wear  and  tear),  then  the  model  reflects  that  d 
delivery  sorties  are  relatively  more  expensive  to  air era 
than  sorties  through  an  APOD.  This,  also,  is  as  expects 


Aircraft  which  are  optimized  strictly  for'  intrathea 
transport,  such  as  the  C-138,  cannot  be  related  by  UTE  r 
to  the  i n ter  theater  mission,  and  therefore,  must  re 
separately  expressed,  with  their  total  avail aole  sorties 


directly  dependent  on  intratheater  distances. 


Since  it  is  incorrect  to  expect  an  "  average "  to  be 
1 imit  every  day,  a  period  must  be  assumed.  Taking  5  aa 
a  viable  period  over  which  to  expect  an  average  IT'S  rat 
response  we  can  write,  -for  one  type  aircraft  I  , 
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Since  the  UTE  Rate  is  particular  to  the  mission,  if  re- 
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it  is  generalised,  although  the  value  of  n,  the  si ac? 
variable  expressing  leftover  potential  in  the  equation, 
now  clouded,  and  cannot  be  read  directly.  The  period  i 
as  a  moving  average,  first  for  days  1  to  5,  then  days  2 
etc.  The  general  expression,  including  attr  t i on  wnich 
mission  specified  and  will  reduce  the  aircraft  base  of 
UTE  rate,  is 
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where  DUSAPD  ;S  the  in  ter  theater  distance,  while  CaRDFT 
the  intratheater  distance.  There  is  one  c  on  s  t  r  a  >  n  t  *cr 
i  and  for  each  period,  which  would  give  liD-Pe*  od+1'*' 
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Airport  Limitations. 


•set  of  landino 


constraints  deals  with  the  traffic  1  imi tat i ons  an 
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places  on  strategic  mobility,  both  in  terms  of  ramp  pa 
space  and  in  terms  of  material  handling  equipment. 

1.  This  set  of  constraints  imposes  limitations  o 
traffic  through  a  reception  airport  due  to  ramp  par  Kin 
space.  Expressing  the  capacity  of  the  airport  n  term 
exclusive  use  for  each  type  of  aircraft,  the  model  ass 
linear  trade-off  relationship  which  closely  approx imat 
reality.  For  example,  if  an  airport  is  capable  of  par- 
fighters  or  12  C-130's,  it  assumes  that  the  airport  •=■ 
capable  of  parking  simultaneously  24  fighters  and  6  2- 
Th i s  is  an  approximation  accurate  for  any  airfields  ex 
very  smal 1  ones  with  end-point  solutions  to  parking 
limitations,  where  one  large  aircraft  blocks  tax i ways 
runways  for  any  other  flights;  however,  A°ODs  will  not 
normally  be  chosen  at  minimally  capable  terminals. 

The  computed  parameter  for  this  set  of  equations 
calculate  the  parking  space- time  taken  up  by  each  a : - c 
it  is  optimally  unloaded  and  serviced  enough  to  move  o 
APOD  .  Using  the  factor  PRK  i  wh  i  c  h  gives  an  i  n  d  i  c  a  t  ;  or. 
many  of  a  single  type  aircraft  can  use  the  APOD  at  a  = 
point  in  time,  and  the  factor  tij,  it  is  possible  to 
determine  how  many  sorties  of  this  type  of  a ' rcr  af  t  ma 
generated  through  the  APOD  in  a  single  cay,  ■  ■ ,  t n  ramp 


so  ac  e  the  constraining  1  imi  tat  i  on  .  a  them  a  i  c  a  1  ’  y  . 
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This  is  a  way  ot 


stating  that  it  an  aircratt  takes 
tor  example,  one  sixth  ot  the  parking  space  and  takes  o 
eighth  ot  a  day  to  get  ott  the  APOD,  then  only  43  ot  th 
aircratt  can  process  through  the  APOD  in  a  single  day. 
t actor  "24"  converts  the  ground  time  per  plane  trcffi  hou 
days.  The  one  on  the  right  hand  side  equates  to  139%, 
essentially  we  have  converted  aircratt  sorties  into  a  t 
which  gives  the  percentage  ot  a  day-space  they  occupy  c 
APOD. 


Since  t 
assured  ot  a 
represen  ting 


ighter  planes,  it  based  at  the  APOD,  mus 
spot  whatever  the  time,  tne  equation 


the  tactical  tighter  units  is 
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which  means  that  no  more  tighter  aircratt  may  be  ass  or 
than  the  airtield  has  space  tor  parking,  and  assumes  a 
relationship  between  parking  spaces.  For  example.  : -  a 
could  park  24  F-lll  or  36  F-16,  then  the  APOD  cou ’ d  par 
P-111  and  IS  F-16  simultaneously,  and  be  capacitates, 
course,  this  extreme  solution  would  mean  that  the  a-FCD 
been  converted  into  a  tighter  base,  and  so  is  not  a  Ilk 
solution,  just  an  end-point  illustration. 

Given  the  amount  ot  a  type  ai r! i <ter  wh . oh  car  oa~ 
max  airtield  son tie  capability  is  as t e r r y n e d  by  t r a 
ai rcrat  t" s  turn  time,  under  the  best  ot  c i r cumst areas . 


Therefore , 


which  limits  the  sorties  o f  those  missions  which  move  through 
the  air-field.  With  this  -formulation,  an  air-field  which  could 


park  12  C-141's,  which  required  3  hours  ground  time  apiece, 
would  be  capable  o-f  through  putting  12/(3/24)  =  96  C-141's  a 
day,  i -f  only  C-141  's  were  using  the  port. 

Since,  however,  -fighter  planes  based  at  the  APOD  must 
always  have  a  reserved  space,  the  parking  space  1  imitation 
becomes 
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There  is  one  o-f  these  equations  -for  every  day  d  of  the  model  , 
for  each  APOD,  so  that  with  our  single  APOD  model  this  adds  a 
total  of  D  constraints. 

2.  This  section  describes  the  limitations  imposed  by 
the  material  handling  equipment  which  is  available  at  the 
APOD.  For  each  type  of  aircraft,  there  is  a  normal iz in¬ 
factor  which  relates  the  aircraft  to  a  standardized 
requirement  for  material  handling  equipment,  based  on  the 
number  of  pallets  the  aircraft  can  carry,  and  the  ease  of 
servicing  the  aircraft.  Each  APOD  also  has  a  -fixed 
capabil  ity,  Ha,  to  handle  a  given  number  of  standard  plsm-es. 

Lastly,  each  Airlift  Control  Element  ( ALCE  ;■  arc  ,  ts 


ancillary  port  improvement  package  has  the  capability  to 
unload  another  given  number  of  standard  planes.  The  amoun 
of  planes  moving  through  the  APOD  must  not  be  Greater  tr  an 
the  capabilities  at  the  airport  to  unload  them.  Therefore 
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The  service  units  which  close  on  any  day  through  the  da:-' 
before  the  one  in  question  use  their  joint  capacity  to  unload 
(or  load)  planes  which  arrive  at  the  APOD  on  day  c. 

Similarly,  to  constrain  the  offloading  of  direct 
delivery  aircraft,  we  have 
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There  is  one  constraint  for  each  day  for  the  APOD  and  the 
forward  airfields,  resulting  in  2*D  constraints. 


Un it  Limitations.  The  number  of  units  available 
naturally  limits  the  number  which  can  be  shipped,  for  each 
type  of  unit.  This  is  expressed  by 
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f  or  each  unit  t  yp  e  y ,  wh i c  h  adds  Y  c  on s  t r  a i n  t  s . 
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by  three  types  of  airlift  missions  (j=l,2,3>  and  can  arrive 
in  two  modes  (APOD  or  at  the  front),  depending  on  the 
delivery  method.  This  section  will  deal  with  the  similar 
expressions  for  all  three  mission  types  sequentially, 

1.  The  first  mission  is  delivery  to  an  AFOD .  All 
deployable  aircraft  units  and  ALOE  units  are  constrained  to 
be  delivered  to  an  APOD.  Other  units  may  be  delivered  there 

Every  unit  is  described  in  terms  of  outsize,  oversize, 
and  bulk  tonnage,  as  well  as  the  number  of  unit  personnel  . 
For  a  given  unit  to  close,  the  complete  amount  of  outsize, 
oversize,  and  bulk  tonnage,  plus  personnel,  must  be  moved. 
For  each  category  of  weight,  the  amount  moved  to  the  APOD  in 
a  given  day  is  equal  to  the  sum  of  all  deliveries  in  that 
category  to  the  APOD.  Therefore,  for  j=i , 

x  Y 

On  a  given  day  the  tonnage  delivered  must  meet  or  exceed 
requirements  for  a  given  unit  in  order  for  that  unit  to 
close.  Pd , k  represents  surplus  tonnage  of  type  k  delivered 
by  day  d. 

However,  if  no  unit  closes  or  if  there  is  excess  tonnag 
delivered,  it  is  considered  an  advance  delivery  for  the  next 
unit.  This  holdover  tonnage  is  also  represented  bv  the 
surplus  variable,  Pd,k.  Pd-l,k  then  comes  to  represent  the 
total  surplus  tonnage  in  cargo  type  k  in  the  days  preceding 
the  one  presently  under  consideration.  As  the  time  pe*  cc 


extends,  there+ore,  it  is  evident  that  this  equation  becomes 
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There  is  one  constraint  -tor  each  day  and  cargo  type,  adding 
D*K  constraints.  And  this  series  o-f  equations  -Fully 
describes  the  shipment  o-f  units  to  the  APOD. 

2.  The  shipment  o-f  units  directly  to  the  -front  is 
covered  next.  Similarly  to  the  APOD  shipments,  the 
relationship  is  given  by 
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As  above,  this  adds  a  constraint  -for  each  day  and  cargo  type 
and  so  adds  D*K  constraints. 

3.  Airborne  units  are  handled  in-  the  same  manner,  with 
interactions  allowed  only  between  airdrop  capable  aircraft 
(j=3)  and  airborne  capable  units  (where  i1y=  1 )  .  This  is  show 
by  the  equation  set 
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This  equation  is  repeated  -for  every  day  and  cargo  type, 
adding  another  D*K.  constra i n ts . 
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Sudd  1  i  es .  The  delivery  of  units  to  the  overseas  area  in 
order  to  meet  goal  objectives  automatically  imposes  an 
additional  set  o-f  constraints  -  that  of  keeping  supplies  at  a 
stabilized  level.  There  are  three  levels  of  supply 
constraints.  One  insures  that  enough  supplies  are  sent 
intertheater  to  meet  all  deployed  unit  needs.  Another  set 
insures  that  enough  supplies  are  distributed  to  the  front  to 
meet  the  needs  of  the  forward  deployed  units.  The  last  set 
insures  that  sufficient  supplies  are  on  hand  at  the  APOD  to 
meet  the  needs  of  units  based  at  the  APOD.  These  will  oe 
d i scussed  in  tur n . 

1.  The  class  of  supplies  is  a  separate  one,  k=5.  For 
this  model  only  one  class  of  supply  was  addressed,  as  an 
aggregate  need.  More  detailed  representation,  if  needed, 
could  be  gained  by  adding  additional  variables.  Since 
supplies  are  considered  only  bulk  cargo,  each  additional  type 
of  supply  adds  only  one  variable. 

Uery  much  the  same  as  the  shipment  of  unit  cargo,  the 
need  for  intertheater  supplies  can  be  represented 
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for  each  day  D,  adding  D  constraints.  Tne  factor 
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from  one  to  three,  so  that  any  means  o*f  \  n  t  *r  the  ?  te*  re' 


i  s  cons i der  ed 


2.  The  series  of  constraints  to  insure  suppl  es  at  the 
front  are  presented  next.  Each  unit  not  based  at  the  APOD 
generally  units  other  than  fighter  squadrons,  mLCc  un  ts  and 
transpor tat i on  units  (truck  and  helicopter;,  is  considered  to 
consume  its  supplies  at  the  front,  regardl ess  of  its  mode  of 
delivery.  Supplies  can  be  delivered  to  the  front  through 
direct  delivery  <  j  =2 ) ,  through  airdrop  <  j  =3 ) ,  through 
transhipment  by  air  <j=4),  or  through  tr ansh i omen t  by 
deployed  unit.  The  last  capability  requires  an  additional 
factor  computation.  All  units  have  input  parameters 
concerning  the  ton-miles  per  day  which  they  are  capable  of 
hauling,  which  is  a  common  measure  of  performance.  For 
combat  units,  this  parameter  is  set  to  0,  reflecting  their 
capability  to  move  supplies  in  the  rear  of  the  corps  rear 
area.  To  determine,  then,  how  many  tons  can  actually  be 
transported  per  day,  the  expression 


2  *  DAfOPT 


must  be  calculated.  Again,  similar  to  tne  first  set  of 
computed  parameters,  the  factor  2  represents  a  dead-head 
return  trip  to  pick  up  more  deliverable  cargo.  Supplies 
delivered  directly  to  the  front  this  period,  plus  supples 
transferred  by  air  and  truck  between  the  APOD  and  the  front 


this  period,  plus  supplies  at  the  front  which  are  surplus 
from  last  period,  minus  consumption  this  period,  equals 
surplus  for  this  period.  This  can  be  mathematically 
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expressed : 
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However,  the  unconstrained  use  of  the  term  Jyliy  could  1  eaa  to 
the  "creation"  of  supplies  in  the  model.  Therefore,  letting 
Sd  equal  the  supplies  transhipped  during  d,  which  must  be 
less  than  or  equal  to  the  capacity  o-f  the  transhipment 
"pipeline",  we  have : 


Also,  the  term  Sd  must  be  less  than  the  amount  left 
over  at  the  APOD,  which  we  will  deal  with  later. 

Now  the  supplies  at  the  front  can  be  expressed  as: 
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I -f  it  is  desired  to  investigate  the  results  o-f  a  buildup 
leading  to  conflict  after  a  given  period  of  time,  while  still 
supported  by  air,  the  supply  consumption  rate  of  the  combat 
units  can  be  premu 1 t i p 1 i ed  by  a  time  dependent  factor 
INTENS£<d>,  which  will  scale  the  supply  tonnage  consumption 
to  the  appropriate  level.  This  would  also  need  to  be  done 
for_  the  previous  set  of  constraints. 

This  would  result  >n  a  final  -formulation  of 
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■for  each  day  d,  giving  2*D  constraints  to  the" model  . 

3.  Supply  of  forces  stationed  at  the  APOD  is  addressed 
here.  Again,  supplies  delivered  must  equal  or  exceed  unit 
requirements.  Because' of  the  availability  of  APOD  -  capable 
aircraft  as  opposed  to  direct  delivery  capable  aircraft,  , t 
is  assumed  that  supplies  will  move,  if  required,  from  tne 
APOD  forward,  but  there  will  be  no  requ i remen t  for  suppl ies 
to  move  from  the  front  back  towards  the  APOD.  Besides 
consumption,  there  are  two  ways  in  which  suppl ies  can  'save 
the  APOD  -  transhipment  by  air  or  shipment  by  a  deployed 
transportation  unit.  Since  forward  units  must  be  supplied, 
if  there  are  insufficient  direct  delivery  means  for  suppl.es, 
the  transhipment  of  the  supplies  will  require  increasing 
assets  as  the  number  of  deployed  units  increases.  Without 
truck  units,  this  supply  movement  problem  would  soon  util i ze 
so  much  APOD  capacity  for  intratheater  transhipment  by  air 
that  further  units  would  be  hindered  i  r,  deployment. 

Therefore,  truck  and  helicopter  logistics  tr an sp or t a t i on 
units,  although  offering  no  direc  t  C  cm  o  3.  *1  p  C*W  3  P  •  3.  -•  3 
automatically  moved  by  the  model  at  optimum  points  . n  order 
to  further  the  goal  objectives  of  deploying  combat  units. 

The  supply  situation  at  tne  APOD  is  that  suppl.es  t  :>  tr* 
APOD  in  period  d,  plus  surplus  supplies  at  the  APOD  from 
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mathematical  relationship: 
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The  summation  of  the  units  is  made  here  from  5  to  7  because 
it  is  assumed  that  the  -fighter  squadrons,  ALCE ,  and 
transpor  tat  i  on  units  draw  their  supplies  at  the  APOD1. 

This  set  adds  one  equation  -for  each  day  d,  tor  a  tota' 
o-f  D  constraints. 


Un  j  t  Li nkaoe s .  Unit  linkages  can  describe  either 
ceilings  or  f  1  oors  on  dep  1  oymer.  t  of  certain  units  in  r  e  ’  a  t ;  o 
to  other  units.  A  typical  ceiling  would  be  on  the  deploy-men 
of  combat  support  arms  such  as  artillery,  requiring  a  mini  mu 
number  of  combat  units  to  be  deployed  before  more  follow-on 
artillery.  This  can  be  shown  as 
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which  keeps  combat  designated  units  in  at  least  a  1:1  rati: 
w i t h  c omba t  support  units.  The  designate  on  of  u n ; t  =  Uy  , m , c 
between  combat  and  combat  support  is  made  for  each  t-pe  y, 
and  Cy  is  positive  1  for  combat  units,  negat i »?  1  o- 
n  on  -combat  units,  or  zero  for  units  wh  <  ch  the  corn  an  de  ■■ 
designates  as  non-i  n'»ol  ued,  such  as  the  s  "cu’c  5. 


one  constraint 


Another  typical  unit  linkage  is  a  floor,  whim 
deployment  of  a  certain  type  unit  gi yen  that  of  re¬ 
al  ready  deployed.  This  is  most  common  : n  the  -el  at 
between  combat  units  and  combat  service  support  uni 
as  headquarters. 

A  ratio  of  at  least  1  headquarters  per  5  oat  fa 
could  be  shown  as 

cmbt  1  5  •*  cmbt  $  5  HQ 

HG 

cmbt  -  5  HQ  <  8 

However,  in  the  start-up  case,  this  would  require, 
essentially,  headquarters  to  arrive  before  the  come 
in  order  to  satisfy  the  integer  relationships,  or  e 
non  i n  teger  un i ts ,  to  beg i n  par  t i al  dep 1 oymen  t  w i tn 
headquarters  unit.  A  better  expression  is  the  infe 
limitation,  such  as 

cmbt  -  3  HG  i  2 

which  allows  up  to  2  combat  units  to  deploy  before 
and  allows  one  HQ  unit  to  control  up  to  5  combat  un 
also  allows  2  HQ  units  to  control  3  or  4  units  each 
forces  a  third  HQ  only  before  the  9th  combat  un i t  i 
deployed,  if  an  integer  solution  technique  is  emp'c 
a  current  9-battalion  division,  this  is  exactly  in 
doctrine  and  practice. 

Th i s  t ype  of  c onstraint  wou 1 d  add  on e  c on s t r a i 
each  1  ink  between  combat  units  and  other  types  of  u 


Un  i  t  Ab i 1  ities 


A  last  sat  of  equations  bounds  the  problem  due  to 
particular  unit  abilities,  such  as  that  of  the  goer- 
companies  which  1 imit  airdrop  resupply  to  the  capacity  o- 
r  i  gger  companies  to  prepare  supplies  tor  airdrop.  This  ■: 
be  expressed: 
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the  daily  maximum  capability  of  the  rigger  comp an i e s .  Wit! 
surplus  capabil i ty  carried  forward,  the  equation  ;s  then: 
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This  adds  one  constraint  for  each  day  d,  for  a  total  of  t 
constraints. 
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The  total  number  of  variables  contributed  by  t 
aircraft  will  not  exceed  i  *  j  *  k  *  d  j  however,  si 
i  ,  j  and  i  ,  k  combinations  for  different  aircraft 
nonexistent,  the  number  of  variables  is  usually  cor 
less.  The  number  of  variables  f r cm.  the  deployable 
Y#M.  However,  restrictions  on  deployments,  such  as 
fighter  units  to  go  to  the  APOD,  will  reduce  the  tc 
somewhat  less.  The  number  of  constraints  f--cm  the 
series,  in  order ,  is 

I  *0+ ( D-Per i od+ I ) *1 +D+D+Y+D*K+ D*K+D*K+D+ 2*D+D+#1  i n k s- 
or  <  I  *<2D-Per  i  od+1  >  .•  ♦6D-Y-K  3D**C  +  »1  i  nks+*QO&’  s  . 


VI  .  Mode  1  Cd  t  i  on  s 

Several  means  exist,  within  the  framework  of  the 
developed  model,  to  address  complicating  factors  en cojntere 
in  reality.  Such  factors  include  the  variability  over  time 
of  the  available  number  of  CRAF  as  the  CRAF  are  mobilized, 
the  availability  over  time  of  the  deployable  units,  and  the 
requirement  for  a  supply  buildup  as  a  hedge  against 
catastrophe.  Also  easily  portrayed  are  the  change  at  some 
period  in  supply  usage  rates  due  to  a  change  in  combat 
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changes  would  occur  with  the  i ncorpor at ; on  of  more  than  one 
APOD,  and  with  any  restrictions  on  i  n  t  rat  heater  delivery- 
airstrips.  All  of  these  options  will  be  addressed  below. 


T i me -De pen den t  Aval lafci 1 i ty  Forces 


To  portray  a  t i me-dependen t  availability  of  forces 
requires  a  change  in  the  right  hand  side  reflecting  the 
appropriate  period. 


Since  both  aircraft  and  units  have  an  expression 
relating  to  number  of  resources  available  per  time  pe*-;od, 
the  simplest  way  to  address  this  is  to  modify  the  constr  a : 
limitation  for  the  appropriate  period.  Changing  tne  nurr.be 
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of  aircraft  available. 

Sudd  1  i es 

To  reflect  supplies  as  a  single  class  is 
simplifying  assumption  but  underestimates  the  true  burden  of 
supplies  management  and  shipping.  Certain  types  of  supplies 
require  special  handling  and  incur  movement  restrictions, 
such  as  ammunition;  others  require  special  packaging  or 
containerization,  such  as  water  and  fuel.  The  basic 
relationships  developed  for  "supply"  would  remain  the  same, 
but  would  be  reiterated  for  each  type  of  supply. 

A  change  in  unit  supply  requirements  which  is  expected 
to  occur  at  some  fixed  time  can  be  directly  reflected  in  the 
supply  constraint  for  that  day  or  period  and  forward.  Using 
standard  multipliers  adopted  by  the  U.S.  Army  Logistics 
School,  the  values  consumed  from  day  d"  would  be  some  scalar- 
multiple  of  the  tonnage  consumed  on  day  d'  -  1 . 

The  requirement  for  a  supply  "hedge"  against  catastrcph 
can  be  treated  as  the  required  movement  of  a  "1  inked"  unit 
such  as  a  headquarters,  except  that  the  supply  “unit" 
consists  solely  of  bulk  supply  cargo.  There  must  oe 
sufficient  number  of  these  supply  "units"  available  so  that 
there  is  never  a  1  uniting  amount  reached  which  would,  of 
itself,  stop  deployment  of  a  real  unit. 

More  Than  One  APOD 

Inclusion  of  a  second  APOD  would  add  another  two 
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possible  missions  to  the  current  list  of  three.  These  new 
missions  would  reflect  intertheater  move  to  APOD  2  anc 
intratheater  move  from  APOD  2.  Units  would  add  another  node 
to  their  possible  deployment;  they  could  now  be  delivered 
either  to  APOD  1  or  APOD  2  as  well  as  the  direct  del ivery 
mode.  All  factors  necessary  for  development  of  one  APOD 
would  be  required  for  the  second.  The  inclusion  of  another 
APOD  would  add  only  a  set  of  constraints  for  parking  ana 
material  handling  equipment  at  the  second  APOD,  or  2*d 
constraints.  However,  it  would  add  a  second  column  for  ever> 
column  in  the  matrix  for  which,  with  one  APOD,  j=l  or  j=a 
(movement  to  the  APOD  or  transhipment  from  the  APOD),  arc 
would  add  another  column  for  every  column  for  which  m= 
<mode=APOD  delivery).  In  essence,  this  nearly  doubles  the 
matrix  size,  but  it  retains  the  logic  of  the  original  model 
formulation.  This  assumes,  implicitly,  that  aircraft  an  - 
transpor tat i on  units  return  to  their  starting  points.  To  be 
able  to  cross-service  aircraft  and  transpor tat i on  units,  the 
model  would  have  a  geometric  increase,  so  that  for  two  APOD, 
a  four-fold  increase  in  matrix  size  is  necessary. 


VI  I 


been  ar  <  o 


To  investigate  the  uses  or  goal  programming  and  the 
developed  model  ,  a  reduced  -force  base  scenario  was  set  up  as 
a  demonstration.  The  results  of  this  scenario  cannot  be 
construed  as  defining  the  actual  optimal  response,  because  01 
the  numerous  simplifying  assumptions.  Rather,  this  scenario 
was  generated  to  verify  and  demonstrate  the  feasibility  of 
the  developed  model,  and  the  usefulness  of  goal  programming 
to  both  Army  and  Air  Force  users  of  such  a.  model  . 

Scenar 1 o  Assumot i ons 

1.  No  attrition,  regardless  of  mission  type. 

2.  Airborne  delivered  supplies  are  limited  to  the 
maximum  Army  rigger  output. 

3.  The  29-day  period  of  deployment  can  be  reflected  by 
4  linked  5-day  deployment  periods. 

4.  C-5  aircraft  will  only  perform  i n ter  theater 
transport  to  the  APOD. 

5.  CRAF  are  not  available  until  5  days  after  .movement 
begins. 

6.  All  units  are  immediately  available  for  movement. 

7.  Intratheater  transport  is  limited  to  moving  bu'k 
cargo  supp 1 i es . 

3.  Only  minimum  daily  supplies  sne  required. 

?.  There  are  5  days  ground  travel  time  between  the  ARC! 
and  the  deployment  area. 

18.  Although  six  squadrons  of  C-138  aircraft  ■xsr-€ 


available,  the  decision  was  made  to  base  the  tactical  a ; r- 1  ;  * 
forces  at  locations  separate  from  the  APOD  because  the  ramp 
space  and  servicing  required  would  restrict  the  c  ap  ao ;  1  ■  t  >•  o 
the  APOD  to  handle  strategic  airlift  aircraft  arriving  in 
theater . 


Scenario  Input 

The  input  parameters  to  the  scenario  are  given  in 
4-6.  The  airport  limitations  and  unit  weights  were 


obtained  from  reference  4.  The  aircraft  limitations  and 


capabilities  were  also  taken  from  this  reference  and  checked 
and  modified  by  HQ,  USAF/SA .  Thus  the  C-5  UTE  Rate  of  5.5, 
suggested  by  Army  sources,  was  changed  to  12.5,  in  order  to 
render  this  study  acceptable  to  the  Air  Force .  Other  change 
are  similarly  obvious. 

The  Army  unit  capabilities  and  values  were  taken  from 
doctrinal  publications,  in  the  case  of  the  front  line  trace. 
From  TOE  data  for  unit-owned  TOW  and  DRAGON  weapons  systems 
an  anti-tank  power  was  computed,  using  a  value  of  1  for  ~0W 
systems  and  .5  for  DRAGON  systems.  Combat  power  potential 
was  developed  from  relative  combat  power  of  units  as  used  to 
play  a  f orce-on-f orce  war  game  at  the  Army  War  College,  and 
the  multiplier  effect  for  time  was  taken  f  r  orti  an  open  s o urea 
revelation  of  the  classified  Timeliness  versus  Effectiveness 
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Scenar i o  Goal s 

Five  sets  of'  goals  were  developed  using  two 
philosophies.  The  -first  two  sets  were  designed  an  cun  a  a  goal 
programming  methodology,  where  the  required  system  response 
is  input  and  the  model  optimizes  the  numoer ,  type,  cargo,  arc 
destination  o-f  the  aircraft  moving  and  also  the  number,  type, 
and  destination  of  available  RDF  units.  In  this  model,  the 
optimization  process  itself  attempts  to  best  fill  the 
required  system  goals,  and  the  response  is  what  units  are 
deployed,  to  where,  and  when.  The  second  philosophy  of 
strategic  airlift  was  also  explored  with  the  model,  as  a 
comparison.  This  philosophy  represents  the  current  practice 
of  a  non-whol i st i c  approach  to  RDF  goal  achievement. 
typical  goal  sets  were  established  as  representing  simplified 
versions  of  realistic  requirements,  and  then  these 
established  goals,  in  terms  of  un'ts  to  oe  moved  and  an 
optimal  Army  prioritization  of  those  units,  were  sent  to  the 
Air  Force  assets.  The  model  tnen  used  all  Air  Force  assets 
to  effect  the  fastest  possible  closure  of  the  required  units 
to  the  theater,  in  order  of  priority. 

First  Phi'  o  122.  h  y 

The  interests  of  the  RDF  force  were  hypotne  ties* 1 y  set 
as  the  following,  which  define  goal  set  one: 

1  .  Within  the  first  5  days,  have  the  cap  as i  ’  . tv  to 
defend  25  Kms  of  front  line. 

2.  Within  the  first  5  days,  deploy  the  anti-tank 


equivalent  of  68  heavy  anti-tank  weapons  sy terns  '.based 

=  1 )  . 

3.  Within  the  28-day  period,  maximize  combat  pow 
dep 1 oyed . 

4.  Within  15  days,  have  the  capability  to  defend 
of  front  line. 

5.  Within  15  days,  move  2  mechanized  brigades. 

6.  Within  18  days,  maximize  combat  power  deploye- 

Scenario  Output 

For  the  given  scenario,  the  result  was; 


Goal  1;  under ach i e v ed .  19.756  km  of  FL7  defended 

Goal  2;  achieved.  MAX  capability  was  145 

Goal  3:  141.29 

Gcal  4;  achieved.  MAX  capability  was  62.5 

Goal  5:  under ach i e ved .  .53  of  mech  bn  moved 

Goal  6:  74.55 

The  figures  to  the  right  of  the  words  achieved  or 
underachieved  show  extreme  goals.  If  underachieved,  t 
number  shows  the  response  which  can  be  achieved,  if 
over  ach  i  e  ved ,  the  number  represents  to  the  force  p  •  an  n 
slack  there  is  in  the  system,  so  that  if  necessary  the 
can  be  redefined.  However,  these  numbers  represent  th 
at  that  stage;  when  the  next  goal  is  implemented,  the 
from  the  previous  goal  is  no  longer  an  indicator. 

The  goals  of  the  force  planners  were  then  ad juste 
reverse  the  priorities  of  goals  5  and  6.  The  results 
naturally,  the  same  for  goals  1  through  4.  The  *esul 


goal  s  5  and  6  were : 


Goal  5:  32.72 

Goal  6:  underachieved.  No  me c h  shipped 


Second  Philosophy 

A  third  set  o f  goals  was  developed  which  more  closel 
approximated  the  current  goals  given  to  the  Military  Air! 
Command.  These  were; 

1.  Move  one  brigade  of  the  32nd  Air  Dome  as  first 
pr i or i ty . 

2.  Move  one  brigade  of  the  18 1st  Air  Assault  0 :  V’  i  s  ■ 
as  second  priority. 

3.  Move  one  brigade  o-f  the  24th  Mechanized  Division 
third  priority. 

4.  Deploy  close  air  support  -fighter  squadrons. 

These  goals  were  subjected,  at  each  stage,  to  a  MAC 

o-f  max  iriii  zing  productivity,  by  minimizing  the  number  o-f 
flights,  as  long  as  this  did  not  increase  unit  closure  t i 
The  results  were: 


Goal  1;  achieved  by  5th  day. 

Goal  2;  achieved  by  18th  day. 

Goal  3:  achieved  by  28th  day. 

Goal  4;  no  f ighters  deployed. 

Goal  set  4  was  developed  the  same  as  Goa1  Set 
required  that  an  ALCE  unit  be  moved  f  rst. 

Goal  set  5  was  developed  on  the  bas:  s  o-f  set; 
To  afford  an  accurate  comparison  of  the  methods' :c 


(systemtsed  wholistic  goal  programming  versus  a  sen1-'  ice- 
optimized  response)  the  units  moved  oy  go  a'  sets  I  ar.a  2  we; 
taken  as  service  preferred,  but  given  a  priori t i zed  order  c- 
movement,  as  is  current  practice.  Again,  then  ,  tne  “'rC 
assets  moved  these  units,  in  order  ot  priority,  to  tre 
theater.  Lesser  priority  units  were  allowed  to  move  before 
closure  of  a  higher  priority  unit  only  if  it  did  not  affect 


the  closure  time  of  the  higher  priority  unit, 
of  goals  was: 


1.  Move  one  fcrioade  of  the  32nd  Airborne  s  i  nu  1  tar  e  ch 


wi th  one  ALCE  un i t  as  f i 'St  priori ty . 

2.  As  second  priority,  close  tne  remai 
A i r borne  Division. 


\  u-td  •  •' j  * 


3.  As  third  priority,  move  one  br  igade  of  tne  1 0 1st:  -  ~ 
Assau It  Division, 

4.  As  fourth  priority,  move  three  squadrons  of  "-tm 
aircraft. 

A  comparison,  for  all  goal  sets,  o+  forces  moved  z  oe 
found  in  Table  7 . 

figures'  2,  3,  and  4  show  graphically  ore  mo  act  the.*  tne 
v  a.r  y  i  ng  p  h  i  1  osop  hies  and  goa.  1  se  t  s  h  a.d  on  the  re  sp  or  se  =  am  on  o 
three  types  of  responses  that  were  of  interest  t  o  t  “  e  E C 
commander  . 


Goal  Sat  1 


2 


3 


4 


5 


Coabet  Units 
Moved  by 

Day  5: 

AtnBns. 

4.9 

4.9 

3  . 

3 

5.9 

Air  Asslt 

.9 

1.2 

2.0 

1.3 

0 

Artillery 

0 

0 

0 

0 

0 

Mechanized 

0 

0 

.03 

0 

0 

Ftr.  Sqdn. 

0 

'D 

0 

0 

0 

By  Day  10: 

Abn  Bns 

6.9 

6.8 

3 

3 

9.0 

Air  Asslt 

3.2 

3.0 

3 

3 

1.8 

Artillery 

0 

0 

0 

0 

0 

Mechanized 

0 

0 

.8 

.75 

0 

Ftr.  Sqdn. 

0 

0 

0 

0 

0 

By  Day  15: 

Abn  Bns 

9.0 

9.0 

3 

3 

9.0 

Air  Asslt 

3.9 

4*4 

3 

3 

3.0 

Artillery  • 

0 

0 

0 

0 

0 

Mechanized 

.58 

0 

2.2 

2.3 

0 

Ftr.  Sqdn. 

0 

0 

0 

0 

1.0 

By  Day  20: 

Abn  Bns 

9.0 

9.0 

3 

3 

9.0 

Air  Aaslt 

4.3 

4.7 

3 

3 

3.0 

Artillery 

0 

0 

0 

0 

0 

Mechanized 

.58 

0 

3 

3 

0 

Ftr.  Sqdn. 

2.6 

2.6 

.91 

1.4 

1.6 

Table  VII.  Deployed  Units  Under 
Different  Goal  Sets. 
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Tlae 

Goal  Obi  active 

Set  1 

Set  2 

Set  3 

Set  L 

£et_£ 

By  Day  5 

59.48 

62.5 

52.14 

44.04 

45.0 

By  Day  10 

a&xinize 

75.44 

82.72 

63.81 

62.27 

70.2 

By  Day  15 

116.34  122.95 

66.51 

69.67 

109.76 

By  Day  20 

aarl  ai  ze 

141.29  141.29 

77.89 

81.67 

130.48 

Figure  2.  Deployed  Co aba t  Power 


Deployed  AT  Strength 


Tlae 

Goal  Objective  Set  1 

Set  2  Set  3 

Set  4 

Set  5 

By  Day  5 

60  80.8 

80.8  49.5 

49.5 

74.25 

By  Day  10 

138.6 

163.0  106.5 

86.5 

132.0 

By  Day  15 

242.6 

251.3  167.0 

165 

235.8 

By  Day  20 

378.7 

335.6  255.7 

277.4 

327.6 

Figure  3*  Deployed  Anti-Tank  Strength 


Defended  Tv egg 


Uge 

Goal  Objective 

Set  2  'Set  3 

Set  4 

Set  5 

By  Day  5 

25 

19.6 

19.6 

12.0 

12.0 

18.0 

By  Day  10 

33.0 

35.1 

24.0 

19.8 

32.0 

By  Day  15 

50 

55.8 

54.6 

36.4 

36.0 

46.8 

By  Day  20 

64.6 

76.6 

47.6 

48. 4 

54.0 

Figure  4*  Defended  Front  Line  Trace 


s.  :  •>■  »V  £*.  ■■  l|,.lt^.'lA>>i,'«L'%4,i'i.:l 


6na1 ysi  s 

The  reversal  of  end  goals  between  sets  i  and  2  changed 
the  selection  of  units  and  movement  times  to  accomplish  the 
same  set  o-f  four  initial  goals.  The  overwhelming  advantage 
o-f  a  goal  programming  methodology  is  here  demonstrated.  When 
a  minor  or  end-point  goal  is  changed,  the  model  will  respond 
in  such  a  way  as  to  still  maintain,  as  a  minimum,  the  desired 
or  achievable  levels  o-f  higher  priority  goals.  Simulation  as 
a  technique  to  do  the  same  job  might  need  an  enormous  number 
o-f  replications,  dependent  on  the  number  o-f  potential  units 
for  deployment.  On  the  other  hand,  professional,  service- 
insular  judgement  as  to  what  units  were  now  necessary,  based 


on  a  goal  change,  might  be  very  appropriate.  However,  there 
is  no  guarantee  that  the  new  prioritization  of  units 
delivered  to  MAC  will  result  in  similar  unit  closure  times, 
and  so  an  iterative  "best  compromise"  solution  must  be  worked 
out  between  the  two  services,  if  the  current  deployment 
philosophy  is  maintained. 

The  addition  of  a  goal  between  sets  3  and  4,  however, 
did  not  change  the  types  of  forces  moved  <it  couldn't  under 
that  methodology)  but  did  effect  closure  times  and  the 
deployed  force  results.  The  early  movement  of  an  ALCE  unit 
pushed  back  the  deployment  of  other  forces.  This  result  is 
especially  evident  in  the  first  10  days.  However,  the  impact 
of  the  ALCE  unit  quickly  becomes  apparent  with  time,  because 
the  set  with  the  ALCE  <set  4)  quickly  overtakes  and  passes 
the  set  without  <set  3)  in  every  measure  by  the  end  of  the 
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deployment  period.  It  is  of  interest  to  note  that  the 
trade-off  point  (where  both  alternatives  are  essentially 
equivalent)  is  between  days  ten  and  fifteen,  so  that  if  the 
deployment  period  of  interest  is  less  than  ten  days, 
deployment  of  an  ALCE  would  not  be  advantageous. 

A  further  interesting  comparison  is  between  sets  1  and 
5.  Although  the  82nd  is  delivered  (closed)  to  the  theater 
much  more  rapidly  under  set  5,  the  measures  of  effectiveness 
under  the  true  goals  (set  1  goals)  for  set  5  are  uniformly 
worse  than  those  for  set  1.  This  is  because  the  airlift 
model  responded  to  its  service-oriented  goal  to  close  the 
unit  as  rapidly  as  possible,  and  thus  delivered  foot  mobile 
paratroopers  to  the  APOD  whose  value  to  the  commander 
couldn't  be  reflected  until  they  closed  to  the  area  of 
employment,  in  the  next  five-day  period.  The  delivery  of 
these  units  to  the  APOD  ties  up  aircraft  that  in  the 
goal -or i ented  model  (set  1)  were  del i ver i ng  mobi 1 e  air 
assault  units  and  transpor tat i on  units  (which  reduced  C-133 
conflicts  at  the  APOD  and  opened  more  parking  space  for 
intertheater  transport).  The  requirement  to  push  a 
prioritized  force  to  closure  before  allowing  conflict  with 
another  force's  deployment  was  revealed  as  nonoptimal, 
insofar  as  proper  prioritized  fulfilment  of  the  assumed  RDF 
goals. 


Model  Verification 

Verification  implies  a  measure  of  the  working  nature  oi 
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the  model 


The  model  in  this  paper  has  been  verified  by 


examining  the  output  data  and  ensuring  through  hand 
calculations  that  the  total  outsize,  oversize,  and  bulk  cargo 
comprising  the  units  moved  could  indeed  be  moved  with  the 
number  and  type  aircraft  used  by  the  model,  which  is  also 
given  as  output.  A  use  of  the  "check"  option  of  the 
Multipurpose  Optimization  system  <MPOS> ,  used  to  determine 
optimal  solutions  given  the  constraint  set  developed  in 
Chapter  5,  showed  consistent  primal-dual  tableau  convergence 
when  operating  with  subroutines  "revised"  and  "minit".  Under 
revised,  MPOS  operates  a  revised  Simplex  algorithm,  and  under 
minit,  it  operates  an  alternating  primal-dual  simplex 
convergence  scheme.  Primal -dual  convergence,  which  occurred 
for  every  tested  case,  implies  that  the  constraint  set  is 
non-contradi ctory .  Given  that  the  model  is  correctly 
formulated,  and  using  a  known  functional  optimization 
package,  we  can  be  assured  of  model  verification. 

Model  Val i dat i on 

The  issue  of  validation  is  far  more  difficult.  There 
currently  exist  no  comprehensive,  mu  1 t i serv i ce ,  combined 
intra-  and  inter-theater  models,  much  less  optimization 
models  of  that  type,  with  which  to  compare  or  contrast 
results.  We  also  have  no  real  world  phenomenon  with  which  to 
compare  results,  because  an  all-out  mobilization  of  MAC  plus 
stage  II  CRAF  to  rapidly  move  more  than  a  division  to  an 
austere  overseas  base  has  never  occurred.  Given  that  this 


r 


type  of  “validity",  i.e.,  replication  of  real  world  events, 
is  not  available,  we  must  focus  on  corroboration,  referring 
to  supporting  documentation.  At  the  MORS  conference  on  27-28 
December  1983,  it  was  stated  that  the  present  MAC  force 
structure  was  limited  to  moving  only  a  little  more  than  a 
division  to  any  intertheater  commitment  in  the  19  -  20  day 
period  before  ships  could  close  <Ref:24,  OSD(PAE)).  This  is 
borne  out  in  the  developed  model.  Any  optimism  in  the 
results  of  this  model  can  be  attributed  to  assumptions  6  and 
8,  for  these  discussed  scenarios.  The  same  type  of 
corroborat i on  can  be  alluded  to  with  respect  to  the  input 
parameters,  which  were  based  on  a  subset  of  the  parameters 
found  throughout  1 i terature  concerning  inter-  and 
intra-theater  airlift  considerations.  What  parameters  were 
neglected  or  subsumed  <for  example,  spares  availability  into 
UTE  rate)  were  done  to  simplify  and  make  usable  a  model  which 
could  be  used  as  a  demonstration  of  principle.  The  model  as 
developed  and  used  for  these  results  compised  212  variables 
in  136  separate  equations  <constrai nts) . 

In  the  end  analysis,  the  final  measure  of  validity  lies 
in  the  sensibility  of  the  model  output.  All  that  can  be  said 
here  is  that  the  goal  optimized  outputs  meet  established 
goals,  and  for  the  extreme  cases  establish  results  that  are 
impossible  to  imitate  through  preselection  of  forces  based  on 
professional  experience,  yet  can  easily  be  rationalized  after 
the  fact.  A  comparison  of  the  two  philosophies  of  force 
deployment,  that  shown  in  set  2  versus  that  of  set  5,  makes 
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this  point  most  clear.  After  the  fact  comparisons  make  the 
rationale  behind  the  end  differences  in  moving  essentially 
the  same  force  obvious,  whereas  before  the  fact  all  one  could 
express  was  that  the  same  force  was  being  moved.  A  more 
appropriate  approach  would  be  to  move  a  selected  force  chosen 
to  perform  certain  tasks  with  current  Air  Force  intertheater 
models,  such  as  MIDAS,  followed  by  intratheater  support 
models,  and  compare  these  results  to  a  force  selected  by  this 
model  to  accomplish  the  same  goals.  Then  using  this  model's 
forces  and  priority  sets  <RDDs) ,  the  Air  Force  models  could 
be  rerun  to  determine  cross  validity  of  this  model  for  both 
Air  Force  and  Army  needs. 


This  chapter  discusses  the  underlying  basis  -for 


investigating  the  sensitivity  of  an  LP  model  with  regression 
analysis.  The  reasons  -for  doing  so  are  discussed,  the 
theoretical  background  reviewed,  the  validity  o-f  the  approach 
•for  this  particular  problem  is  examined,  and  the  experimental 
design  explained. 

Background  < 

'  The  single  parameter  sensitivity  techniques  developed 
•for  analysis  o-f  linear  programming  algorithms  are  limited  in 
that  they  -fail  to  portray  the  interrelationships  between 
•factors.  Typical  right  hand  side  ranging  techniques  give 
only  a  parametric  span,  by  parameter,  within  which  the 
solution  is  optimal,  and  reveal  which  variable  will  enter  the 
basis  i -f  the  analysis  is  forced  beyond  that  limiting  point. 
The  number  of  separate  runs  required  to  fully  determine  the 
response  surface  of  the  problem  increases  geometrically  with 
the  number  of  factors  and  the  span  of  each  factor.  To 
investigate  the  optimal  response,  in  this  model,  given  five 
factors  varying  over  a  wide  range  would  take  20,987,90? 
separate  runs,  which  is  obviously  infeasible.  A  much  more 
feasible  means  of  generating  the  same  surface,  in  equation 
form,  is  given  by  a  multivariate  regression  analysis. 


Given  a  generalized  model 
y  =  f(x,$)  +  f 

where  d  *  (01, 62... dp)  is  a  vector  of  p  parameters  to  be 
estimated  and  x  =  (xl ,x2, . . .xk)  is  a  vector  of  k  variables, 
the  settings  of  which  determine  the  experimental  runs  ar.d  i 
is  the  error  term,  (Ref  7:731). 

it  has  been  shown  that  use  of  a  regression  analysis  design 
using  the  x'x  criteria  leads  to  a  confidence  region  for 
parametric  estimation  which  minimizes  the  distance  between 
the  response  surface  equation  and  the  actual  response  surface 
for  any  setting  of  vector  x.  What  this  means  is  that,  using 
a  proper  design,  an  error  term  can  be  estimated  which  reveals 
the  very  worst,  on  a  percentile  basis  of  the  response,  that 
the  proposed  model  equation  is  from  the  true  model. 

Using  a  linear  program  to  generate  the  design  points  for 
the  response  surface,  we  effectively  eliminate  any  variance 
error,  because  the  model  will  always  return  the  same  response 
for  a  given  input  (as  opposed  to  stochastic  or  sampling 
models).  This  means  that  all  error  in  the  model  comes  from 
model  bias,  which  can  only  be  minimized  by  limiting  the 
number  and  scope  of  model  assumptions. 

Typical  regression  analysis  attempts  to  fit  an  equation 
of  linear  or  quadratic  forms  to  design  points  of  a  model.  A 
line  only  requires  two  points,  but  a  quadratic  parabolic 
expression  requires  a  minimum  of  three  points  to  be  defined. 

A  typical  quadratic  model  in  two  variables  would  be 

Response  ■  Bo+BIXl 2+B2X22+B3X1X2+S4X1 +85X2 


A  standard  regression  package  takes  the  data  points  given  by 
the  set  of  n  vectors  <Xln ,X2n , Response .. )  and  tries  to  ■fit 


the  given  equation.  If  the  proposed  model  is  a  good  fit  to 
the  data,  the  error  term  expressed  in  terms  of  standard 
deviations  will  be  low  and  the  data  points  will  be 
distributed  normally  across  the  mean  response  surface.  If 
the  model  is  not  a  good  fit,  either  the  error  term  will  be 
large  or  the  data  will  not  be  distributed  with  the  proposed 
response  surface  as  a  true  mean.  This  can  be  illustrated 
below  . -  - 


Figure  5.  Plotted  Data  vs.  Response  Surface 

The  example  on  the  left  is  the  plot  of  a  bad  fit  <a 
proposed  linear  fit  to  an  actual  quadratic  response)  whereas 
the  example  on  the  right  is  a  good  fit  of  a  proposed  model  to 
the  actual  data.  The  usefulness  of  using  regression  analysis 
to  define  the  sensitivity  aspects  of  a  model  without 
exhaustive  model  runs  has  been  thoroughly  documented  by  Smith 
and  Mel  1 i champ  <Ref  38)  ai  i  the  copyrighted  technique  is  used 
in  this  thesis  with  the  kind  permission.  As  is  stated  in 
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their  summary. 


"The  multiple  dimensional  parametric  analysis 
technology  using  response  surface  concepts  provides  an 
expanded  capability  for  conducting  a  more  valuable 
analysis  in  a  complex  environment.  It  provides  a 
picture  of  what  is  happening  within  the  model  being  used 
for  the  study.  It- also  provides  insight  into  the 
relationship  among  the  factors  under  study.  "What  if' 
analysis  can  be  conducted  economically  in  real  time 
without  the  necessity  to  obtain  new  computer  outputs" 
(Ref  38:23) . 


The  methodology  can  be  used  with  any  decision  model  ,  1  inear 
or  nonlinear. 


Experimental  Design 

Since  the  goal  of  this  methodology  is  to  provide  rapid 
insight  into  the  system  response,  three  designs  will  be 
examined.  One  assumes  a  linear  response,  that  is,  a  flat 
hyperplane  in  n  dimensions  where  n  is  the  number  of  variables 
examined.  This  design  is  of  the  form 
Response  “  B8+B1X1+B2X2 

a  flat  surface  where  B2  and  S3  represent  the  s1opes  of  the 
response  plane  along  the  respective  axes.  The  second  design 
assumes  a  first  order  response  with  interactive  coefficients, 
that  is,  of  the  form 

Response  »  Bo+BIXl +B2X2+B3X1X2 
In  three  dimensions,  this  type  of  surface  response  would 
relate  to  a  flat  plane  with  a  twist  in  it,  with  the  degree  of 
twist  given  by  fhe  magnitude  of  the  interaction  .  >*'f  .ci»nt 
B3.  The  last  ; gn  assumes  a  quadratric  reaper the 
form 
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Response  =  &„  ■►  C>,  x*  ♦  &t*»  +■  S3  x.  *  Si*z.  *  sf  *■*» 

In  this  type  of  surface,  which  is  not  necessarily  linear 
along  any  axis,  the  coefficient  Bi  and  B2  express  the  degree 
of  curvature  of  the  response  suface  in  that  axis,  and  the 
coefficient  B5  again  represents  the  twist. 

Since  a  line  can  be  given  by  two  points,  a  minimal 
number  of  model  runs  are  needed  for  those  designs.  But  a 
quadratic  represen  tat i on  requires  at  least  three  points  in 
order  to  define  the  degree  of  curvature.  Since  the  last 
proposed  mathematical  fit  requires  the  most,  a  design  will  be 
promulgated  based  on  the  quadratic  expression  requirements 
and  those  points  used  also  for  the  first  two  tested  designs. 

The  minimum  number  of  points  required  under  numerous 
explored  variables  has  been  an  area  of  research  since  the 
late  1950's.  Draper  and  Stoneman  proved  that  the  set  of 
possible  runs  can  be  fractionated  in  a  factoral  way  across 
variable  terms  <Ref  14:186).  Box  and  Draper  showed,  through 
mathematical  proofs  and  a  computer  h i 1 1 -c 1 i mb i ng  search,  that 
a  symmetric  composite  design  called  a  cube  plus  star  plus 
center  points  is  the  most  efficient  in  terms  of  runs  required 
to  define  the  quadratic  response  (Ref  6:739).  A  large  number 
of  proposed  designs  have  been  published,  and  this  thesis, 
with  five  variable  factors,  used  the  five-factor  cube  plus 
star  plus  center  point  design  published  by  Box  (Ref  6).  The 
design  is  found  in  Appendix  A.  Normal  notation  for  this 
design  designates  -1  to  represent  the  lower  limit  of  the 
individual  variable,  +1  to  represent  the  upper  limit  c*  the 


individual  variable,  and  zero  to  de-fine  a  center  point 
midway  between  the  two. 


w-tj  s.  y.  irvyr.  yrrrcCT^ryy?  tt?  v  r,y  ’*r*Tra-3»  vv  ■>  v  v  v  -i 

IX  Use  of  a  Flexible  Response  Surface 

This  chapter  describes  the  use  of  a  -flexible  response 
surface,  developed  -from  the  model,  to  determine  the  worth  of 
an  aircraft  capable  o-f  both  intertheater  and  intratheater 

i 

delivery,  the  C-17.  Because  o-f  the  end  goal  selection,  -for  j 

the  analysis,  o-f  maximize  combat  power,  the  response  surface 

I 

was  eminently  suited  to  address  the  sensitivity  aspects  and 
shadow  prices  of  any  of  the  output  variables.  This 
particular  case  was  examined  in  direct  response  to  the 
statement  of  LTC  Mueh,  HQ  USAF/SAGM,  during  the  last  MCRS 
conference.  He  stated  that  he  was  not  aware  of  any 
methodology  which  could  express  the  incremental  advantages  of 
a  dual-capable  airlifter  given  all  the  other  changing 

parameters,  or  directly  relate  a  quantitative  measure  of  I 

worth  between  that  aircraft  and  another.  This  viewpoint  was 

shared  by  Dr.  M .  Minneman,  OCSD/R+E.  Therefore,  this  case 

was  obviously  an  excellent  vehicle  for  demonstrating  the 

worth  of  both  an  inter-intra  joint  optimization  model  and  the 

flexible  response  theory  as  a  sensitivity  technique.  First, 

this  chapter  discusses  the  underlying  question  and  the 

scenario  used.  Second,  the  generation  and  verification  of 

the  response  surface  will  be  addressed.  Lastly,  the 

trade-offs  between  parameters  will  be  demonstrated  and 

findings  discussed. 
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In  the  recent  past  the  Air  Force  and  Congress  decided  to 
improve  the  capability  of  our  strategic  airlift  fleet  through 
the  procurement  of  59  additional  C-5  aircraft.  Additional 
progress  to  improve  strategic  airlift  were  the  rewing  of  the 
present  C-5  force  and  measures  to  improve  the  C-5  and  C-14! 
UTE  rate.  An  important  contribution  to  that  decision  was 
made  by  the  Congressi onal 1 y  Mandated  Mobility  Study.  One  of 
the  major  assumptions  of  the  CMMS  was  that  “reception  ports 
and  airfields  were  adequate  to  process  all  personnel  and 
cargo  moved  to  the  theater"  (Ref  27:38).  However,  due  to  the 
sparse  nature  of  large  airfields  in  the  RDF's  primary  area  of 
interest,  as  reported  by  Abbey  et.al.  (Ref  1:5-13),  the  RDF 
may  need  to  deploy  through  a  single  APOD,  which  by  itself  may 
be  many  days  travel  from  the  proposed  area  of  employment. 

When  deploying  through  a  single  strateg i c-a i r 1 i f ter  capable 
APOD,  the  requirements  for  supplies  to  be  moved  forward 
create  an  increasing  conflict  for  parking  space  and  material 
handling  equipment  between  intertheater  airlift  and  tactical 
airlift  aircraft.  This  conflict  can  only  be  alleviated  by 
moving  transportation  units  to  the  theater,  or  by 
fortuitously  having  so  large  an  airfield  that  no  parking 
constraints  emerge.  Since  the  CMMS  found  an  advantage  in 
C-17  use  because  of  its  direct  delivery  capability,  which 
negated  the  transhipment  time  between  the  APOD  and  the 
employment  area,  distance  was  obviously  a  large  factor. 
Therefore,  it  was  decided  to  investigate  the  C-5  versus  C-17 


decision  using  the  variable  ■factors  C-5,  C-17,  APOD  Si2e, 
Material  Handling  Equipment,  and  Distance.  To  insure  the 
i ncorporat i on  of  distance  as  an  important  factor,  similar  to 
the  CMMS,  the  response  chosen  as  the  measure  of  effectiveness 
<MOE>  was  combat  power  over  time. 

The  current  operating  MAC  fleet  plus  Stage  II  CRAF  were 
made  available  as  a  scenario  baseline.  The  APOD  size  parking 
capability  was  varied  between  2  and  10  simultaneously  parked 
C-5  aircraft  <Ref  4:92).  The  Material  Handling  Equipment 
<MHE)  was  varied  between  200  and  1000  pallets  a  day  offload 
capability  existing  on  the  airfield  before  occupation  and  use 
or  movement  of  an  ALCE  <Ref  36:21-22).  This  equated  to 
1000-5000  pallets  per  5-  day  period.  The  distance  between 
the  APOD  and  the  deployment  area  was  varied  between  0  and  10 
days  travel  time  <Ref  32:12).  The  C-17  and  C-5  were  both 
varied  from  a  current  number  <0  and  60,  respec t i ve 1 y)  to  plus 
50  aircraft.  As  the  exact  specifications  for  the  proposed 
C-5B  were  not  yet  tested,  C-5A  performance  specifications 
were  used  for  the  additional  50  C-5  aircraft.  <Th  i  s  could  be 
easily  changed  by  just  entering  the  C-5S  into  the  model  as  a 
new  aircraft,  as  the  C-17  was.)  A  complete  list  of  all  the 
parameters  entered  as  inputs  to  the  model  is  on  Tables  4,  5, 
and  6.  Units  available  for  movement  were  the  same  as  in 
Chapter  7,  and  all  were  immediately  available.  This  is  a 
simplification,  but  did  not  affect  the  relative  merit 
analysis  of  the  two  aircraft.  Supplies  were  moved  to  theater 
equal  to  1.3  times  daily  consumption,  and  the  Corns 


Headquarters  (Forward)  was  required  to  deploy  by  D+10. 


Generation  and  Ver  i  f  i  cat  i  on 

The  model  was  run  41  times  using  the  points  of  the 

design  shown  in  Appendix  A,  as  described  in  the  last  chapter. 

The  data  points  generated  were  then  entered  to  a  Statistical 

Package  for  the  Social  Sciences  (SPSS)  regression  analysis 

package,  trying  to  fit  any  or  all  of  three  surface  models. 

The  abbreviations  used  were: 

Wl=C-5  Ull2=number  of  C-5  times  number  of  C-17. 

UI2=C-1 7  W13=number  of  C-5  times  APCDSIZE. 

W3=APDSZ  W14=number  of  C-5  times  MHE  in  thousands. 

W4*MHE 

W5*DIST  And  a  similar  convention  for  all  other 
cross-produc t  terms. 

The  first  model  proposed  was  linear,  of  the  form 
Response  B®  >  8, W,  m  8g  W*  ♦  8,W, 
which  would  have  resulted  in  a  five-dimensional  hyperplane, 
with  very  easy  trade-offs  between  Bl  and  B2,  which  would 

represent  the  incremental  benefit  to  the  response  of  C-5  and 

C-17  respectively. 

The  second  model  checked  was  first  order  with 
interaction  terms,  of  the  form: 

•  8*.f  Lt  +  Et-Wt  ♦  *■  1®  W®  ♦  Sr'vJg  ♦  ^ 

f  lTW,t  t  *  E^v/as  ♦  l,w„  ♦  ♦  0„  W,®  ♦EwW,r 

This  would  represent  a  much  more  complex,  twisting 
surface,  but  the  first  partial  with  aspect  to  both  :  and  u2 
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B,*  through  Bj*  would  define  curvature  rates  for  the  surfaces 
with  respect  to  that  term's  axis. 

The  generated  responses  can  be  seen  in  Figuresj  6,7  and 
8.  Tables  8  and  9  demonstrate  the  typical  response  to  a  mean 
surface  that  reflects  underdetermination  of  the  true  order  of 
the  actual  response.  Table  19,  for  the  second  order  surface, 
shows  the  actual  response  conforms  normal  1 y  (in  the  sense  of 
normal  distribution)  to  the  generated  surface,  with  a  very 
minimal  standard  deviation. 

In  fact,  the  programmed  response  of  the  package  is  that 
99.5%  of  the  actual  response  can  be  accounted  for  by  the 
i ncorporat i on  of  the  terms  used  in  mathematical  model  three. 

To  uerify  this  quadratic  response  as  a  true  indicator  of 
model  response,  thirteen  points  were  generated  and  run 
through  the  model.  Ten  of  these  points  were  chosen  randomly, 
using  a  vertical  search  procedure  for  numbers  within  the 
range  of  four  parameters  on  columns  1-4  of  the  random  numoer 
table  in  the  l?th  edition  CRC.  Three  points  were 
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Pigurv  7.  Regression  Output,  Assussd  TirsVOrdsr 
Model  with  Cross  Products 
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Table  U.  Validation  of  the  Response  Surface  Equation 
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specifically  chosen  as  triplet  extreme  points, 
be  expected  the  most  error  would  develop  because  these  point 
were  -furthest  -from  any  used  -for  calculation  o-f  the  response 
sur-face.  The  results  are  tabulated  in  Table  11.  The 
response  surface  equation  was  computerized  as  program  add.-? 
(Appendix  3).  The  average  error  o-f  +.08%  and  the  extreme 

error  o-f  6. 82%  are  an  easy  price  to  pay  -for  a  surface  which 

estimates  so  closely  any  of  2,317,491  possible  points.  The 
model  has  it's  worst  error  at  the  extreme  range  where  APOD 
size  i s  at  a  minimum,  and  then  gives  an  optimistic  response. 
This  can  serve  only  to  induce  error  (bias)  in  favor  of  the 

C-5,  since  the  C-5  and  not  the  C-l 7  is  constrained  by  APOD 

size. 


F i ndi nos 

The  first  and  most  obvious  finding  is  the  net  worth  of 
additional  C-5  aircraft  to  the  net  worth  of  additional  C-l 7 
aircraft.  Using  the  regression  step  10  results  which  have 
R  SQUARE  term  of  99.35,  which  means  99.3571  of  the  response 
can  be  explained,  the  factors  are  shown  in  -figure  9. 

It  is  obvious  that  additional  C-5  aircraft  are  not  eve 
in  this  equation.  To  force  C-5  aircraft  into  the  equation, 
we  must  go  to  the  last  step,  where  we  obtain  the  factors 
shown  in  figure  18. 
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An  odv ■ ou!  output  of  th i 3  gene-ated  »urf»c*  s  that •  : f 
the  scenario  is  operating  at  a  large  size  out  '  p.,i 
rapab.iitx  airfie’d,  an  increase  of  MHE  to  ts  max : sum  va’ue 


( an  increase  of  4,  to  5)  can  result  in  an  objective  -function 


increase  o-f  4  x  23.3  =  96,  whereas  either  50  C-5  or  53  C-17 
added  to  the  -fleet  can  make  a  maximum  contribution  o-f  less. 
Thhere-fore,  a  buy  o-f  prepositioned  MHE  may  in  some  cases 
generate  more  combat  power  than  a  buy  o-f  aircra-ft. 

Rapid  use  o-f  this  response  surface  equation  can  be  made 
to  find  the  value  of  the  response  with  varying  parameters. 

To  test  the  effects  of  a  buy  of  50  C-5  and  53  C-17  aircraft, 
the  response  was  checked  at  both  the  worst  case  for  the  C-5 
and  the  best  case,  it  being  assumed  that  where  the  C-5  does 
worst,  the  relative  advantages  of  a  C-17  fleet  will  be  the 
most,  and  vice  versa.  The  generated  response  surface  was 
coded  and  is  listed  in  Appendix  2. 

The  response  surface  was  first  tested  at  a  point  where 
the  worst  possible  environment  existed  for  the  C-5  -  the 
minimal  APOD  size,  MHE  prepositioned  equipment,  ana  max i mum 
travel  distance  to  the  front  line  area.  It  was  then  tested 
at  an  environment  which  catered  to  the  C-5  fleet  -  the 
largest  possible  APOD,  maximum  prepositioned  MHE,  and  minimal 
distance  to  the  front.  The  current  fleet,  the  current  fleet 
with  50  additional  C-5A  aircraft,  and  current  fleet  with  53 
C-17  aircraft  have  their  responses  tabulated  in  figure  11. 

The  primary  factor  to  realize  with  these  results  is  that 
the  buy  of  C-5  versus  C-17  is  not  in  a  vacuum  or  separately 
compar tmen ted ,  but  as  an  addition  to  the  airlift  ♦’eet. 
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Current 
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Horst  setting  for  C  s 
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90 

Best  setting  for  C  5 

163.5 

164.2 

180.0 

.4 

16.2 

Best  airport, worst  distance  140.6 

141.4 

165.0 

.5 

17.3 

Figure  11.  Results  of  a  C-17  us.  C-5  Buy,  Single  APOD. 

Additional  C-5  aircraft  still  compete  at  the  APOD  for  space 
and  servicing  with  C-141,  CRAF ,  and  C-138  aircraft.  However, 
C-17  aircraft  need  compete  only  at  the  forward  airfields,  and 
then  only  with  C-138s.  In  fact,  C-17  aircraft  much  reouce 
the  overall  requirement  for  C-130  aircraft.  A  regression 
response  surface  was  generated,  using  the  same  data  points 
but  with  the  output  variable  C-138  usage  as  the  response 
variable,  and  checked  to  find  what  its  major  component 
factors  were.  The  presence  of  the  C-17  aircraft,  by  itself, 
expressed  over  6 IV.  of  the  response  variability.  The  32% 
response  was: 

C.UO  ■  r.rre  £*>«• .  efat  w*2  -  .mutr  -.•<»«,  w u  to. si  **.04,1*. 

V J7.  -.».>(  wrr  zr.li  MKt  -J.tlWlY  -J«wzi 

Therefore,  the  presence  of  C-17  aircraft  not  only 
enhanced  delivery  of  combat  power  because  of  direct  delivery 
of  combat  troops  and  supplies  to  the  front,  but  also  reduced 
the  congestion  of  the  APOD  due  to  C-133  transhipment  of 
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supplies,  before  truck  tr  anspor  tat  i  on  units  were  delivered. 

Since  the  C-5s,  in  all  runs,  are  not  -fully  utilized  because 

of  airport  size  limitations,  by  reducing  the  number  of  C-130S 

required,  the  use  of  C-17s  expanded  the  usefulness  of  the  C-5 

% 

fleet  at  the  expense  of  the  C-130  fleet.  The  output  response 
of  the  regression  analysis  is  shown  in  Figure  12. 

Since  truck  transportation  units  were  needed  in  all 
scenarios  where  the  travel  distance  between  the  APOD  and  the 
front  was  greater  than  zero  days,  another  response  surface 
was  generated  for  the  effects  of  the  five  varied  parameters 
on  truck  usage  (Figure  13).  Although  distance  is  the  most 
important  factor,  the  C-17  interaction  term  is  next  to  enter 
the  stepwise  regression.  Since  it  has  a  negative 
coefficient,  more  C-17s  mean  less  need  for  trucks. 

Because  of  the  interrelationships  of  factors,  to  attain 

* 

an  estimate  of  the  trade-off  point  between  the  C-17  and  the 
C-5,  we  must  take  the  first  partial  of  the  equation  with 
respect  to  the  variable,  thus 

\  ' 

“■•(8  +  i.e*t  tr  ♦  .  AP*C>  Slit 

b  R 

£ 0  I  •  Z  Cil  -.Oin  WH  -.«•/■<»  (0 iitthca.) 

Entering  our  former  limits,  worst  case,  of  APOD  =  2,  MHE  * 
1000,  DIST  =  10,  we  have  the  response  due  to  C-5  as: 

— .o4«  ♦  .oob(cr)  r. *031(1)  «■  “  .etl8  -r.oafcU  r) 

and  the  inflection  point  at  which  more  C-5s  have  decreasing 
worth  is  at  C-5  -  .0613/. 006  =  10,  which  is  be  1 ow  tne  bounds 
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of  the  problem  and  hence  unreliable.  The  response  at 


same  worst  case  point  is,  for  the  C-17, 

1. 123^  -.eifla  £e<*)  -  .eae?  -.«n  5  /.f<7  -  . otezlc.n) 


The  inflection  point  for  this  curve  is  at  the  point  C-17  = 

1 .817/. 0182  *  99.8  which  is  also  beyond  the  bounds  of  the 
problem.  So  far  the  response  surface  has  revealed  that  with 
the  worst  case  of  tiny  airfield,  minimal  handling  equipment, 
and  large  travel  distance  between  the  APOD  and  the  front 
line,  more  C-5  aircraft  beyond  the  60  in  the  model  are  not 
useful,  and  C-17  aircraft  added  to  the  present  fleet  are 
useful  throughout  the  studied  range  <50>.  This  result  has 
intellectual  appeal,  since  it  appears  eminently  sensible. 

A  more  important,  or  interesting,  observation  is  the 
comparative  value  towards  increasing  the  response  level  at 
the  "best  case",  which  should  favor  the  C-5.  The  extreme  of 
an  APOD  capable  of  handling  1008  pallets  per  day  t27.7  C-5 
sorties),  before  any  ALCE  deployment,  and  zero  distance 
between  the  APOD  and  the  deployment  area  should  give  all 
possible  advantage  to  the  C-5. 

The  C-5  response  is 


15. 

ifcr) 
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which  again  gives  an  inflection  point  of  25  18,  which  i 
below  the  problem  bounds* 

The  C-17  response  is 

15  .  I  /  -.oiez  (cn) 

Ucn)  - 
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which  again  gives  an  in-flection  point  beyond  (above)  the 
problem  limit.  The  model  response  is  basically  that  there 
are  presently  sufficient  C-5s  in  the  active  fleet,  given  the 
constrained  airfield  and  constrained  processing  facilities. 

Graphs  were  prepared  which  illustrate  the  need  for  C-;7 
aircraft  to  accomplish  a  set  of  fixed  goals,  given  an  APOD 
size,  MHE  level,  and  distance  between  the  APGD  and  the 
deployment  area.  They  are  presented  in  Tables  12,  13,  and 
14,  and  Figures  11,  12,  and  13. 

It  is  readily  apparent  that  for  a  fixed  goal,  the  need 
for  C-17  aircraft  decreases  as  the  parameters  become  less 
stringent.  Assuming  a  large  APOD  and  sufficient  processing 
and  handling  equipment  at  the  APOD,  the  graphs  show  that  no 
C-17  aircraft  are  needed  for  both  the  lower  goals.  The 
trend,  even  with  the  highest  goal,  is  to  minimize  the 
requirement  for  C-17  as  the  size  of  the  APOD  increases. 
However,  these  curves  were  drawn  with  C-17s  added  to  the 
current  force.  Curves  drawn  with  50  C-5s  added  to  the 
current  force  show  virtually  no  improvement  over-  tne  current 
force,  as  was  demonstrated  in  the  tabulated  responses  of 

Figure  10.  The  additional  C-5  curve  with  zero  slope  shows  no 

$ 

need  for  any  additional  C-5  aircraft  in  this  region  of 
restricted  APOD  size  and  MHE  available.  Without  C-17,  not 
even  the  lowest  goal  is  consistent’y  achievable  at  all  points 
in  the  searched  region. 
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APODSIZE  in  C5  spaces 
APOD  KHE  in  ,000  Pallets/ 5  Days 

1 

DAPIFT-0  3 

5 

1 

DAPDFT-5  Days  3 

5 

1 

DAPDFT-10  Days  3 

5 


23456789  10 

I  X  X  43  34  25  17  10  4 

3924900000  0 

32  12  0  0  0  0  0  0  0 

XXXXX  44  36  29  23 
X  41  27  13  0  0  0  0  0 

49  30  11  00000  0 

XXXXX44  36  30  23 
X  41  27  13  0000  0 

49  30  12  00000  0 


Table  XII.  Numbers  of  C17  Needed,  Plus  Present 
Force,  to  Achieve  a  Set  Goal  (=100) 


APODSIZE  in  C5  spaces  2 

APOD  MHE  in  ,000  Pallets/ 5  Days 

1  X 

DAPDFTM)  3  X 

5  X 

1  X 

DAP  EFT?  5  Days  3  X 

5  X 


3456789  10 

X  X  43  34  25  17  10  4 

X  49  35  22  9  0  0  0 

X  33  15  0  0  0  0  0 

XXXXXXX  X 

X  X  X  40  27  15  4  o 

X  X  X  33  16  0  0  0 


1  XXXXXXXX  X 


COMBAT  POWER  FOAL  =  150 

APODSIZE  in  C5  spaces 
APOD  MHE  in  ,000  Pallets/5  Days 

1 

DAPDFT=0  3 

I 

5 

1 

DAPDFT=5  Days  3 

5 

1 

DAPDFT=10Days  3 

5 


23456789  10 

XXXXXXXX  X 

XXXXX503927  17 

XXXX38  22  5  0  0 

XXXXXXXX  X 

XXXXXXX  47  36 

XXXXX40  24  8  0 

XXXXXXXX  X 

XXXXXXX  47  37 

XXXXX  41  249  0 


Table  XIV.  Numbers  of  C17  Needed,  Plus  Present 
Force,  to  Achieve  a  Set  Goal  (=150). 


126 


The  direct  outputs  of  the  response  surface  methodology 
as  a  means  of  determining  sensitivity  of  the  output  variable 
to  changes  in  several  key  parameters  while  maximizing  cornea " 
power  delivered  to  a  theater  have  already  been  described. 
These  outputs  <combat  power,  C-138  usage,  truck  units 
deployed)  were  all  generated  using  the  basis  variables  and 
response  variable  for  the  single  set  of  41  runs  of  the  model 
shown  in  Append! z  A.  Therefore,  the  single  set  of  41  runs 
gives  the  user  the  flexibility  to  search  a  very  wide  span  oi 
interrelated  variables  and  how  each  is  affected  by  any  or  al 
of  the  changing  parameters,  because  the  rotatable 
orthogonality  of  the  used  design  insures  independence  of  tr* 
regression  output  coefficients.  This  was  substantiated  not 
only  by  the  design  theory  but  also  by  the  final  covariance 
matrix  output  by  the  SPSS  regression  package.  Because  each 
point  of  the  design  is  a  result  of  a  deterministic  linear 
program,  there  is  no  stochasticity  whatsoever  in  tne  output, 
and  therefore,  he terocedast i c i ty  is  not  a  consideration. 

Mu  1 t i col  1  i nar i ty  could  be  a  problem  using  a  design  such  as 
this,  but  the  design  was  searched  using  three  way 
interactions  beyond  the  full  quadratic  response,  and  their 
contribution  found  to  be  negligible. 

Just  as  important  as  the  variability  in  the  basis  vectc 
of  the  41  orthogonal  runs  were  the  commonalities.  For  all 
runs,  the  maximum  allowable  UTE  rate  of  the  C-141  fleet  was 
an  upper  bound  constraint  for  the  first  ten  days .  The 
highest  C-5  UTE  rate  achieved  for  any  scenario  was  9.2.  A'; 


l*d 


for  all  runs,  the  capacity  of  the  available  quartermast 


resupply  airdrop  companies  to  rig  supplies  -for  airdrop 


upper  bound  constraint.  Two  runs  o-f  the  model  were  mac 


without  any  constraints  on  airdrop  resupply,  which  resu 


in  all  combat  unit  resupply  being  airdropped,  a  thirty 


percent  increase  in  combat  power  over  the  constrained  c 


and  an  extra  brigade  o-f  the  101st  Division  being  moved 


end  o-f  twenty  days.  Since  the  UTE  rate  o-f  the  C-5  (at 


was  never  an  upper  bound,  several  runs  were  made  to  det 


what  would  cause  it  to  become  an  upper  bound.  Even  wit 


most  -favorable  airport  conditions,  on’y  a 


ground  time  -from  3.3  to  2.75  hours  caused  the  C-5  UTE  r 


become  a  bounding  constraint 


Limitations  on  the  Response  Surface 


The  response  surface  can  only  be  utilized  within  t 


bounds  o-f  its  domain.  Since  it  -forces  a  mathematical  m 


to  recreate  an  actual  response,  the  bounds  on  that  mode 


integral  parts  o-f  the  generated  coefficients.  An 


illustration  of  this  point  is  shown  below.  If  the  actu 


response  is  cubic  in  nature,  and  a  quadratic  surface  ha 


fit  to  one  part  of  the  variable  range,  the  response  at 


1,  2,  and  3  will  be  correct,  but  the  sur-face  response  a 


point  4  wi 1 1  be  widely  variant  from  the  actual  response 


at  point  5 . 
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X  Conclusions  a.nC  Recommendation; 

This  paper  has  described  a  mul t i object i ve  optimization 
based  on  -force  goals  which  interrelate  i  n  ter  theater  movement, 
intratheater  movement,  and  deployable  unit  capabilities. 
Decisive  advantages  are  shown  by  the  approach  to  the  problem, 
which  can  be  used  to  send  at  least  the  -force  needed,  .minimize 
the  waste  of  resources,  and  accomplish  these  missions  -faster 
and  more  exactly  than  the  current  interservice  operating 
system.  In  addition,  it  has  been  demonstrated  that  a 
flexible  response  surface  methodology  can  result  In  a 
reduction  of  a  fully  computerized  and  intricate  large  scale 
model  to  an  equation  which  can  be  programmed  on  a  hand-held 
calculator,  and  with  which  major  force  design  concepts  may  be 
rapidly  searched,  with  minimal  probable  error. 

Cgncj  us i ons 

Although  the  model  explored  in  this  particular-  response 
surface  is  a  scaled  version  of  the  proposed  full-scale  mode’, 
several  preliminary  conclusions  were  drawn  specific  to  the 
Mideast  scenario  studied.  These  are; 


1.  For  the  Air  Force: 

a.  For  the  given  scenario,  the  UTE  rate. used  in 
the  model  was  consistently  an  upper  bound  on  C-l^i 
performance  over  the  first  ten  days.  Therefore,  a  uTE 
rate  increase  beyond  the  12.5  assumed  in  the  scenario 
for  the  C-141  stretch  will  increase  productivity  of  the 
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airlift  fleet  for  rapid  deployment. 

b.  The  C-5  will  benefit  most,  in  the  studied 
scenario,  from  decreasing  the  average  ground  time.  A 
decrease  in  ground  time  of  from  3.3  to  2.75  hours  will 
make  the  C-5  much  more  productive  at  restricted 
airports.  The  highest  UTE  rate  used  in  the  model  for 
the  given  scenario  under  goal  programing  methodology  was 
9.2,  and  therefore  extreme  efforts  to  increase  the  C-5 
UTE  rate  beyond  that  figure  in  order  to  enhance  the 
rapid  deployment  mission  may  be  non-produc t i ve . 

c.  The  key  factors  affecting  the  productivity  of 
the  current  fleet  was  the  availability  of  material 
handling  equipment  and  the  size  of  the  APOD,  as  shown  in 
the  weight  given  to  these  factors  in  the  response 
surface  (Figure  8).  A  set  of  prepos i t < oned  ALCE  anc 
materiel  handling  equipment  (MHE)  at  possible  deployment 
airfields  where  the  airfield  is  large  in  corrpar  i  son  to 
existing  MHE  capability  would  considerably  increase  tne 
rapid  throughput  of  any  force. 

2.  For  the  Armys 

a.  The  limitation  on  airdrop  resupply  due  to  the 
capabilities  of  existing  rigger  companies  consistently 
bound  the  problem.  Unbounded  by  this,  airdrop  resupply 
greatly  increased  the  rapid  deployment  of  the  force  by 
lessening  the  congestion  at  the  APOD.  To  enhance  -force 
deployment  in  the  given  scenario,  either  more  rigger 
companies  are  required  in  the  active  Army,  or  prerigged 
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pallets  of  supplies  -for  a  deployable  -force  should  be 
located  at  a  C-141  base  which  doesn't  deploy  combat 
troops  and  equipment. 

b.  Medium  truck  companies  were  consistently 
deployed  by  the  model  to  move  cargo  in  the  postulated 
scenario.  Less  truck  companies  were  moved  when  C-17 
aircra-ft  were  present,  but  the  medium  truck  companies 
with  their  outsize  cargo  placed  a  significant  burden  on 
the  C-5  fleet,  in  the  developed  scenario,  -for  all  but 
the  largest  airfields.  Pr epos i t i on i ng  of  transportation 
assets  at  a  critical  APODs  during  peacetime  might, 
similar  to  MHE  equipment,  be  a  less  costly  and  more 
viable  option  than  prepositioning  of  combat  unit 
equipment,  and  would  increase  combat  unit  throughput  at 
the  APOD. 

Recommendat i ons 

1.  The  model  should  be  developed  into  a  user-f r i end 1 y 
computer  package  rather  than  its  existing  mathematical  form. 

2.  A  systems  approach  using  goal  programing  should  be 

used  to  generate  unit  movement  and  force  structure 

# 

requirements  for  the  Rapid  Deployment  Force. 

3.  Based  on  the  results  of  this  research,  a  full  scale 
model  should  be  developed.  A  flexible  response  surface 
should  then  be  created  varying  simultaneously  the  parametric 
factors  of  attrition,  cost,  UTE  rate,  load  capability,  ground 
time,  plus  the  factors  varied  in  this  tresis.  7h  s  wculc 
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prdvide  a  definitive  conclusion  as  to  which  aircraft,  the 
C-17  or  the  C-5,  the  Air  Force  should  procure  as  an  addition 
to  the  present  airlift  fleet  for  the  force  deployment 
mission,  and  where  any  tradeoff  points  exist. 
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.  APPENDIX  A 


RESPONSE  SURFACE  ORTHOGONAL 


ROTATABLE  DESIGN 


APPENDIX  A 


10  110 
11  110 
12  110 

13  60 

14  60 

15  35 

16  85 

17  35 

13  85 

1?  35 

20  85 

21  35 

22  85 

23  85 


26  85 

27  35 

28  35 

29  85 


32  110 

33  60 

34  35 

35  85 

36  35 

37  85 

38  85 

39  85 

40  110 

41  60 


INPUT  DESIGN 


Cl  7  APD  MHE  DIST 
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25  10 

25  2 
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25  10 
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OUTPUT  RESPONSES 
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PUIR 

TRK 

0130 
sor  ties 

d  3.  >'  S  1  —  1 
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120.45 

.912 

0 
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129.76 

.529 

8 

5 

131.39 

.  40  0 

159.9 

5 

131.39 

.400 

159.9 

5 

129.76 

.529 
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146.24 

1 .55 
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81 .332 

.739 
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.739 
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1  .34 
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0 
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APPENDIX  B 


RESPONSE  SURFAC 


OUTPUT  PROGRAM 


SEJ 5TOS WIPf W  vi TO "  -  *  -  ^ ' 


.’  TT.V.  7; 


program  add  .  . . . . . .  . . 

Write 16,*) ’ Input  cS’ 
read ( 5, * )wl 

wr  1te( 6 , * ) ’ Input  C17’  v. 

read! 5 , * )w2 

wr1te(6,*) ’ Input  APOD  SIZE* 
read! 5 , * )w3 
wr  lte( 6 , * > ’ 1 nput  MHE’ 
readl5,*)w4 

wrlte(6,*) • Input  DISTANCE’ 
read ( 5 , * )w5 

calculate  mean  value 

r 1  *  1 .2645*w3*w4-.0089*w2*w3-.4593*w5+l .2396*w2+.  1273* 
r 2-9. 4356*w3+23.7924*w4-2.7839*w4*w4-.4079*w3*w3-. 0091 
r3--.4535*w4*w5-.0832*w3*w5-.0297*w2*w4-.0059*w2*w5 
r 4- .003 1  *wl *w3- . 0680*wl + .0003*wl *wl - 1 . 4603 
respm-r 1+r 2+r 3+r4 

calculate  lower  95X  limit 

r 5- . 9869*w3*w4- .0311 *w2*w3- 1 . 9267*w5+ .0264*w5*w5+ .9461 
r 6-6 . 5 1 46*w3+ 19 . 3339*w4-3 . 4 149*w4*w4- . 5657*w3*w3- .0132 
r7—  .6556*w4*w5-.  1 942*w3*w5- .074 1 *w2*w4- .0237*w2*w5 
r 8-- .0191 *wl*w3- . 7687*wl - .0037*wl *w 1-42. 3157 
respb-r 5+r 6+r  7+r 8 

calculate  upper  95X  limit 

r9-l .S420-w3*w4+.0133*w?*w3+l .008 1 *w5+ . 2283*w5*w5+ 1 . 53: 
r 10-12 . 3566*w3+28 . 2508*w4-2 . 1 530*w4*w4- . 2502«w3*w3 
r 1 1  —  .005 1 *w2*w2- . 2 1 1 5*w4*w5+ . 0279*w3*w5+ . 01 47*w2*w4 
r 12- . 01 19*w2*w5+.0253*wl*w3+.6326*wl+.0043*wl 1+39.3951 
reapt-r9+r 10+r 1 1+r 12 

Interact  with  user 
pr int* , ’mean- ’ , respm 
pr  Int* , ’bottom  1 Imlt-’ ,respb 
print*. ’top  1 1m 1 t- ’ , respt 
print*. 'another  run?  y/n-1/0’ 
read! 5 , *  Inins 
If Inans.eq. 1 >go  to  10 
end 
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C-l 7  UERSUS  FIXED  GOAL  PROGRAM 


MHWCUW  W»S?AW.W  v’  TO  ^  ttf.wwwmww 


Tk'V  ■•  %  »  •■*  ».'•*  • 


10 


20 


-  program  r 

wl-  60.0  "*  . .  . 

w4«3 .0 
w5«5.0 

pr  *  ,nPut  goal* 

read ( 5 , * )W6 

do  20  t-2,igr,i 
w3-1 

J"7®;f65+-M9*w3 

C 1  -Sa-walzSTs^Iwi2 1  *w3+ 1 7  •  362*"« 

print*, *C17-  ’ ,c17 
continue 

rlidfs ,’*noth«'-7  y/n-  \/0' 
read (5,*) nans 

If (nans. eq. 1 >then 

?ys*;>t!ss?  d*t,?  y/n  • 

If (nansZ.eq. 1 )then 
print* , ’MHE-’ 
read(5,*)w4 
print*, •DISTANCE  ■’ 
read ( 5 , * )wS 
end  if 
end  If 

If (nans.eq. 1 )go  to  10 

•no 
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